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Chapter 1 
Trans meets cis in MADS science 
Stefan de Folter and Gerco C. Angenent 
Modified version in Trends in Plant Science (2006), in press
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The interaction between a transcription factor and its binding site at the DNA is an 
integral part of transcriptional regulatory networks, which is fundamental for an 
understanding of biological processes. An example is the family of MADS domain 
transcription factors, which represent key regulators of processes in yeast, animals, and plants. 
However despite our extensive knowledge of these transcription factors, limited information 
is available on cis-elements to which these proteins bind or how these elements are defined. 
Here, we discuss the current knowledge about MADS protein binding sites and compare data 
from various organisms. This information can help us in developing algorithms to predict 
binding sites for MADS domain transcription factors, which will bring us a major step 
forward in the identification of ‘down-stream’ target genes and the elucidation of 
transcriptional networks. 
Transcriptional regulation by MADS domain proteins 
The regulation of transcription is a major mechanism to control gene activity in a 
complex biological system. A key step in this regulation of gene expression is the sequence-
specific binding of transcription factors (the trans elements) to their DNA recognition sites 
(the cis elements). In addition to the cis-trans interaction, the spatial and temporal expression 
of the transcription factor genes is another mechanism to control the expression patterns of 
down-stream target genes. In this way, transcription factors with similar DNA binding 
properties may control distinct biological processes [1]. This is the case for instance, for some 
members of the MADS domain transcription factor family that evolved to their present 
functions in reproductive organ formation by diversification in expression pattern, while still 
retaining their common protein function [2-4]. Another important factor that influences 
transcriptional regulation is the packaging of DNA into chromatin, which limits the 
accessibility of the DNA binding sites for proteins. Although these strategies are very 
relevant, in this review we will focus on the cis-trans recognition as a mode of transcriptional 
regulation. The MADS domain transcription factor family is one of the best studied families 
in plants with a wealth of genetic, molecular and evolutionary data [reviewed in 5-7] and 
therefore serves as an excellent example to study cis-trans regulation.  
The MADS domain factors bind to the so-called CArG-box in regulatory DNA 
sequences of genes as has been demonstrated by a variety of in vitro and in vivo experiments. 
It remains intriguing how each of the more than 100 family members in Arabidopsis, all 
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containing the conserved MADS domain DNA binding domain, find their specific targets. 
What determines this specificity and how the unique marriage between transcription factor 
and cis-element is established remain questions for which we know only partial answers.
The CArG-box and MADS proteins, the cis and trans elements
Binding sites for MADS domain transcription factors were found in upstream regions 
of human cardiac actin genes and appeared to be evolutionary conserved between human, 
mouse, chicken, rat, and frog [8]. This common DNA motif shows the dyad symmetry of 
CC(A/T)6GG (designated CArG-box) in which, to some extent, changes are allowed [9,10]. A 
similar protein binding motif was found in the DNA of the human c-fos gene, which has been 
shown to have serum-inducible transcriptional activity depending on the Serum Response
Element (SRE) [11]. The SRE element is bound by the DNA-binding transcription factor 
SERUM RESPONSE FACTOR (SRF), which is one of the founder members of the MADS 
domain family [12, 13]. Analyses showed that the CArG-box, and the SRE element are 
functionally interchangeable and that SRF binds to the CArG-box in vitro [12, 14]. In yeast, a 
protein with striking homology to the DNA-binding domain of the human SRF protein is 
Minichromosome Maintenance1 (MCM1), which is involved in pheromone response and cell-
type determination [15]. The DNA-binding site of MCM1, which is similar to SRE and the 
CArG-box, is called MCM1 Control Element (MCE) [15]. Besides animals and yeast, plants 
contain proteins sharing homology with the conserved DNA-binding and dimerisation 
domains of the above described proteins [16, 17]. With the two founder proteins from plants, 
DEFICIENS (DEF) from Antirrhinum majus [18] and AGAMOUS (AG) from Arabidopsis
thaliana [19] the foundation was laid for many fruitful studies on plant MADS domain 
transcription factors. MADS domain proteins in plants play diverse roles in a broad range of 
developmental processes, e.g. transition to flowering, floral organ and root development, and 
fruit formation [5, 20, 21].  
To date, over 100 members of the MADS domain family have been identified in 
Arabidopsis (Box 1) [22-25]. Despite the fact that all these factors contain a highly conserved 
DNA-binding domain, probably all recognising a sequence similar to the CArG-box motif, 
their target genes however are distinct. On the other hand, the same target gene can be 
regulated by different MADS box factors. This raises the question what determines the 
specificity of this recognition. Does the sequence of the cis-element provide the answer to this  
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Box 1. The MADS domain family 
The Arabidopsis MADS domain family can be divided into two lineages, type I and type II [91] (Box 
1a). The type II MADS box proteins are composed of an N-terminal MADS-box domain involved mainly in 
DNA-binding, followed by an I-region and a K-box, which are both involved in protein-protein interactions, and 
a C-terminal domain (C) that is necessary for activity and ternary complex formation [41]. In contrast to the type 
II proteins, the type I MADS domain proteins that group together with the SRF-like proteins from fungi and 
animals lack the K-box [91, 92].  
MADS domain proteins cause a conformational change of the DNA (bending) upon binding. This 
phenomenon was observed in different studies and visualized when the first crystal structure, that of the SRF-
core homodimer bound to a CArG-box DNA sequence (Box 1b), was resolved. The crystal structure revealed 
that the N-terminus of the MADS domain, which includes an alpha-helical structure is imbedded in the major 
groove of the DNA helix. [92]. 
(a). Schematic representation of the modular structure of the MADS domain proteins and their evolutionary 
relationships (modified from [85]).  
(b). Protein structure of an SRF homodimer (monomers indicated in purple and red) bound to a CArG-box DNA 
sequence (underlined), based on the crystal structure resolved by [92], data file 1srs.pdb. For visualization, a 
DeepView/Swiss-PdbViewer [93] generated script was used as input for POV-ray [Persistence of Vision 
Raytracer (version 3.6, 2004), Persistence of Vision Pty Ltd, Williamstown, Victoria, Australia]. Protein 
secondary structures are indicated on the right side of the figure.  
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question or should we have a closer look at the composition of the protein complexes in 
which the MADS domain proteins act? Recent reports revealed the first set of target genes 
from a few plant MADS domain proteins [26-30]. This information, combined with our 
knowledge about the composition of possible dimers that can be formed between MADS 
domain proteins [31], points to new avenues for research on protein-DNA binding and may 
lead to new concepts for transcriptional regulatory networks.
Plant MADS proteins bind CArG-boxes  
As in animals and fungi, plant MADS domain proteins bind to consensus sequences 
resembling the CArG-boxes, as was first shown for the Antirrhinum proteins DEF and 
GLOBOSA (GLO) in gel retardation assays [32, 33]. Since then, various methods were used 
to identify these CArG-boxes (for overview of the methods used, see Box 2). Binding sites for 
AG have been identified using a pool of random oligonucleotides and in vitro binding by the 
MADS domain protein, resulting in the enrichment of oligonucleotides containing the CArG 
consensus [34, 35]. Table 1 gives an overview of the consensus CArG-box sequences 
obtained by this strategy for a number of plant and non-plant MADS domain proteins.  In 
addition, binding to a DNA sequence containing the CArG-box motif has been shown for e.g. 
the Arabidopsis MADS domain proteins APETALA1 (AP1), the B-type proteins APETALA3 
(AP3) and PISTILLATA (PI) [36], and FLOWERING LOCUS C (FLC) [37], and for the 
Antirrhinum proteins DEF, GLO [33, 38] and PLENA (PLE) [39]. All these studies, using in
vitro methods, revealed that plant MADS domain proteins bind to a CArG-box with the core 
sequence CC(A/T)6GG. However, this sequence is a consensus and appeared to be more 
flexible in these experiments and slightly different for the proteins tested. For instance, 
AGL15 has a clear preference for a core sequence of C(A/T)8G [40], while SQUAMOSA 
(SQUA) can bind to SRE-like,  (CC[A/T]6GG), Myocyte Enhancer Factor-2 (MEF2)-like 
(C[A/T]8G), and intermediate sites [39]. Furthermore, these in vitro experiments suggest that 
nucleotides outside the CArG core motif may also contribute to the recognition site for 
binding. All these small differences in binding sites may have a substantial influence on 
binding affinity in vivo, which could reflect the specificity of members of the plant MADS 
domain family for particular target sites.  
Chapter 1
6
Box 2. Methods to identify target sequences 
Random binding site selection 
A transcription factor protein of interest is mixed with a random pool of double-stranded oligonucleotides. 
Subsequently, an immunoprecipitation step is performed and the DNA of the specific protein-DNA complex is 
PCR-amplified. Subsequently, the procedure is repeated 3-5 rounds to enrich the oligonucleotides bound by the 
transcription factor. Instead of the immunoprecipitation step, the DNA-protein complex can also be separated by 
repetitive gel shifts (EMSA) followed by PCR-amplification [14].  
Chromatin immunoprecipitation (ChIP)  
ChIP is a method that allows purification of in vivo formed complexes of a DNA-binding protein and 
associated DNA [94]. The procedure starts with fixation of the tissue by formaldehyde to crosslink the proteins 
to the DNA. Subsequently, nuclei are isolated, lysed, and sonicated to obtain sheared DNA with associated 
proteins. The protein-DNA complex of interest is specifically immunoprecipitated and the DNA is released from 
the chromatin by protease cleavage and heat treatment. Finally, the remaining DNA fragments can be analyzed 
for enrichment by PCR or used for genomic microarray hybridization experiments (ChIP on chip).  
Transcriptional induction system  
In this system, the transcription factor is translationally fused to the rat glucocorticoid receptor (GR) 
[95]. The transcription factor is activated by treatment with the steroid dexametasone (dex), which causes a 
translocation from the cytoplasm to the nucleus. Protein synthesis can be blocked by cycloheximide, which 
allows identification of direct target genes by analyzing altered mRNA expression levels.  
Electrophoretic mobility shift assay (EMSA) 
The EMSA technique allows the in vitro detection of protein-DNA binding and is based on the 
observation that a protein-DNA complex migrates more slowly than the free DNA when subjected to gel 
electrophoresis. This technique is also referred to as gel shift or gel retardation assay, because DNA migration is 
shifted or retarded upon protein binding [96, 97].  
In silico binding site search 
 Putative binding sites can be identified by computational methods, like e.g. a string search. A user-
defined string (DNA sequence motif of interest) can be fed to a computer program (e.g. PatScan; http://www-
unix.mcs.anl.gov/compbio/PatScan/HTML/patscan.html [98] or Patmatch via The Arabidopsis Information 
Resource (TAIR); http://www.arabidopsis.org/cgi-bin/patmatch/nph-patmatch.pl [99]) that searches for the 
presence of the motif in a collection of DNA sequences, which can consist of e.g. upstream or downstream gene 
regions, genomic regions, or introns. An overview of other available computational methods is presented in [85-
87]. 
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Table 1. Consensus CArG-box sequences determined by binding studies to a pool of random oligonucleotides.  
Protein Consensus binding site sequences, referred as CArG-boxa References 
SRF ATG(C/a)CC(A/t)TATA(T/a)GG(T/a)NNT [14] 
MEF2 (A/G)(T/G/A)(T/g)(C/t)TAT(T/a)(T/a)(A/t)TA(G/a)(C/A)(T/A)(T/c) [100] 
Mcm1 (T/A)T(T/A/G)CC(T/C)(A/t)(A/t)(T/A)NN(G/a)GTAA [101] 
AG TT(A/T/G)CC(A/t)(A/t)A(A/t)A(A/t)GG(A/t/c)AA [34] 
AG NTT(A/T)CC(A/T)(A/t)(A/t)(T/A)NNGG(T/A/C)(A/t)(A/t)N [35] 
AG TT(A/T/G)CC(A/T)(T/A)(A/T)(A/T)(T/A)GG(T/A/C)AA [40] 
AGL1 (SHP1) NTT(A/T/G)CC(A/T)(A/T)(A/t)(T/A)NNGG(T/A)AAN [102] 
AGL2 (SEP1) NN(T/a)NCCA(T/A)(A/t)(T/A)(A/T)T(A/G)G(A/t)AAN [102] 
AGL3 (SEP4) N(T/n)T(a/t)C(C/t)A(T/A)(A/t)(T/a)(A/t)T(A/g)G(t/a)(A/t)AN [103] 
AGL15 TT(A/T)C(T/C)(A/T)(T/A)(A/T)(T/A)(A/T)(T/A)(A/G)G(T/A)AA [40] 
SQUA (T/c)TN(C/t)(C/T)(A/t)T(T/a)(T/a)(T/A)(T/a)(G/a)GN(a/g)(a/g/t) [39] 
a The CArG-box core sequence is underlined. Font size indicates the frequency of occurrence of the nucleotide, 
with capital letters as the most prominent nucleotide.   
MADS dimers and complexes 
The formation of transcription factor dimers and multimeric complexes provides a 
mechanism to increase the diversity of possible DNA-binding proteins enormously, which 
may lead to more specificity in target gene selection. It has been shown that the MADS 
domain proteins preferentially form heterodimers, consisting of two different proteins [17]. 
Recently, a comprehensive yeast two-hybrid screen using the entire collection of Arabidopsis 
MADS box proteins revealed that at least 269 MADS domain dimers can be formed, 
illustrating the potential of heterodimerisation [31]. The first evidence that plant MADS 
domain factors form higher-order complexes came from a modified yeast two-hybrid screen, 
known as the ternary-factor trap [41]. This ternary-factor trap revealed that DEF, GLO, and 
SQUA proteins from Antirrhinum could interact in a multimeric fashion via the C-terminus of 
these MADS domain proteins. These higher-order complexes were confirmed for a number of 
other MADS domain proteins from various different plant species. Genetic and yeast two- and 
three-hybrid studies [41-44] formed the basis for the ‘quartet model’ [45, 46], which 
postulates that combinations of two dimers form tetrameric complexes that are essential for 
floral organ identity specification. Although evidence for the exact stoichiometry is lacking, 
the numerous yeast 3-hybrid experiments and in-planta Fluorescence Resonance Energy 
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Transfer (FRET) experiments [47] support the model for the formation of higher order 
complexes. 
 DNA-binding affinity differs only slightly between dimers, however, ternary complex 
formation resulted in a dramatic increase in DNA-binding affinity [41]. In part this might be 
due to an increase in stability of the dimer when a third factor interacts as has been shown in 
yeast [48] and in plant cells [47]. This suggests that the formation of a higher-order complex 
affects the binding properties and hence the site to which the transcription factor complex 
actually binds. Furthermore, in vitro ternary complex formation between DEF, GLO and 
SQUA was only detected when two CArG-boxes in the GLO promoter were available [41]. 
The ‘quartet model’ includes this phenomenon that a multimeric protein complex of four 
proteins binds simultaneously to two different CArG-boxes in the same DNA strand [45, 46]. 
Whether this model holds for all MADS domain targets remains to be determined, because 
not all target genes known to date possess two obvious CArG-boxes in their upstream 
sequences [49]. For example, the SHATTERPROOF (SHP)2 promoter contains only one 
perfect CArG-box (CC[A/T]6GG), while data suggest that it is a direct target of AG [50]. The 
fact that in some cases only one clear CArG-box can be identified does not rule out that there 
is a second CArG-box-like sequence that takes part in DNA-binding of a higher-order 
complex, even if this latter motif has a low affinity.  
Another scenario that could affect the specificity of DNA-binding by MADS domain 
proteins is the involvement of interacting cofactors. This appears to be a common 
phenomenon for yeast and mammalian MADS domain proteins [16], and has also been 
reported for other transcription factor families [51]. Supporting this hypothesis of cofactor 
involvement is the finding of CArG-boxes next to recognition sites for NF-Y transcription 
factors in the second intron of AG [52]. Interestingly, in a yeast two-hybrid assay with a 
MADS domain protein from rice (OsMADS18) a seed-specific NF-YB protein was identified 
as interactor [53]. In Antirrhinum, PLE interacts with a non-MADS protein, called MIP1, 
which is a member of a small family of conserved plant leucine zipper proteins [54, 55]. This 
study suggests that MIP1 acts as a ternary complex factor with specificity for the C-type and 
E-type MADS domain proteins [55]. Other studies revealed interactions between MADS 
domain proteins and a putative RNA-binding protein [56], a protein with phosphatase activity 
[51], and a leucine-rich repeat protein [57, 58]. Although solid proof is lacking, these 
interactors of MADS domain proteins may act as cofactors to facilitate DNA-binding.
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Plant MADS target genes 
Only very recently substantial progress has been made in the discovery of genes for 
which expression is directly controlled by MADS domain proteins, the so-called direct target 
genes. Various strategies have been followed in the past to identify target genes, such as 
genetic experiments, differential display-based screens, DNA microarray approaches, or 
chromatin immunoprecipitation (ChIP) experiments (Box 2) [59]. Some of these approaches 
allow the identification of direct target genes (e.g. ChIP), while others will reveal genes that 
are further in the signaling cascade as well.  
Actually, the first direct targets identified for plant MADS domain proteins were the 
MADS genes themselves. It appeared that the Antirrhinum B-type proteins DEF and GLO 
bind to their own promoter sequences [33, 38, 60]. These autoregulatory loops maintain the 
expression of DEF and GLO in petals and stamens after initial induction. A similar positive 
feedback loop was found for the Arabidopsis B-type genes AP3 and PI [26, 61-65]. The 
identification of the first non-MADS target was reported by Robert Sablowski and Elliot 
Meyerowitz (1998) [29], who placed the AP3/PI function under posttranslational control in a 
mutant Arabidopsis background by fusing the AP3 protein with the rat glucocorticoid receptor 
(GR) (see Box 2). After induction of the AP3 function, in the presence of the protein synthesis 
inhibitor cycloheximide, mRNA population changes were detected by differential-display, 
which yielded differentially expressed target genes. One of the three upregulated genes was 
named NAP (NAC-LIKE, ACTIVATED BY AP3/PI), which belongs to the NAC transcription 
factor family and contains an almost perfect CArG box in the promoter sequence. 
Furthermore, DNA array-based approaches have been used to identify target genes regulated 
by the B-type proteins AP3 and PI from Arabidopsis and DEF from Antirrhinum [66, 67]. 
Both studies predicted that these B-type proteins control either directly or indirectly at least 
200 target genes, which encode proteins involved in signal transduction, transcription factors, 
and interestingly, structural proteins such as Į- and ȕ-tubulins [67]. However, it remains 
unclear how many genes identified in these array-based studies are direct targets as opposed 
to being genes further down the transcriptional cascade.  
In contrast, a DNA array-based approach in combination with the GR-based induction 
system (Box 2) will allow the identification of direct targets only. Recently, this approach was 
followed for the C-type protein AG. Toshiro Ito and colleagues (2004) [27] reported the 
identification of SPOROCYTELESS (SPL) as a direct target, while Concepción Gómez-Mena 
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and colleagues (2005) [26] identified direct targets of AG involved in floral organogenesis. 
The latter study revealed a set of target genes known to be involved in stamen and/or carpel 
development, including AG itself [19], AP3 [68], PI [62], SEPALLATA (SEP)1/2/3 [69], 
SUPERMAN (SUP) [70], CRABS CLAW (CRC) [71], SHP1/2 [72], and JAGGED (JAG) [73, 
74]. The CArG boxes present in regulatory sequences of these target genes and which were 
confirmed to be in vivo binding sites for AG by ChIP (see Box 2), are given in Table 2.  
 
Table 2. CArG-box sequences found in Arabidopsis MADS target genes 
Protein Target CArG-box sequence in target gene a References 
AG AG  ATTCCAAATAAGGAAA [26] 
AG SEP3 ATGGCTAAATAGGTAA [26] 
AG GA4 ATACCTTTTTTGTTAA [26] 
AG GA4 TTACAAAAGAAGGAAA [26] 
AG ATH1 TATCCTTAAATGGCTA [26] 
AG CRC TTCCCTTTTTTGGCAA [26] 
AG SPL AAAACAGAATAGGAAA [27] 
AG SHP2 TTACCAAAAAAGGAAA [50] 
AG, AP3/PI AP3 TTTACATAAATGGAAA [26, 60, 104, 105] 
AG, AP3/PI AP3 TTTCCATTTTTAGTAA [26, 60, 104, 105] 
AP3/PI NAC TTTCCTTATTTGCTTT [29] 
FLC SOC1 TTTCCAAAATAAGTAA [37] 
AGL15 AGL15 TAGCTATATAATGTTG [30] 
AGL15 AGL15 TATCTATTTATTGATT [30] 
AGL15 AGL15 CCTCCAAATGTGGCAA [30] 
AGL15 DTA1 
(AtGA2ox6) 
GATCCAATTTAATGGAGA [75] 
AGL15 DTA2 ATACCAAATATGGATG [28] 
a CArG-box core sequence is underlined and flanking sequences are given.  
 
Interestingly, among the AG targets are a number of MADS box family members, such as 
AP3, PI, and SEP3, suggesting autoregulation of MADS box genes by complexes containing 
the actual proteins they code for. These observations provide further evidence that support the 
existence of higher order complexes, e.g. consisting of the AG, SEP3, PI and AP3 proteins.    
Another approach for the identification of plant target genes was reported by Huai 
Wang and colleagues (2002) [28], who successfully used ChIP experiments (Box 2) in 
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combination with random DNA cloning for targets of the embryo-expressed MADS box gene 
AGL15. This study identified two target genes, DTA1 and DTA2 (Downstream Target of 
AGL15), encoding an enzyme involved in gibberellin metabolism, and a protein with no 
known function, respectively [28, 75]. In addition, a promoter study of AGL15 indicated that 
AGL15 is autoregulated, which means that AGL15 is also a direct target of itself [30].
The currently available knowledge of experimentally determined direct targets, as 
summarized in Table 2, does not provide sufficient support for the definition of consensus 
binding sequences for particular MADS domain factors. All binding sites for a given MADS 
factor contain the CArG box, although one or two substitutions in the canonical motif are 
allowed. The limitation of the current cis-sequence data set is that it is not known to which 
transcription factor complex these cis-elements corresponds, i.e. the identity of other factors 
in the dimer or tetrameric complex is not known, while these cofactors may co-determine the 
specificity. AG for example, is present in various dimeric and higher-order complexes and 
hence, the identified targets could be bound by different AG complexes.  
MADS autoregulation 
Autoregulation is a frequently observed phenomenon in plant MADS domain gene 
expression regulation and a few examples have been mentioned already (Figure 1). 
Autoregulatory loops are a common mechanism to maintain expression patterns or, in the case 
of negative loops, to abolish gene expression [76-78]. For instance, in Escherichia coli, 55% 
of all known transcription factors are auto-regulated, with negative autoregulation dominating 
[79]. Positive feedback loops are known to exist for the B-type MADS genes (Figure 1b), but 
also for the C-type gene AG, as described above. Recently, a negative regulatory feedback 
loop model, based on protein-protein interaction data that integrates the floral induction and 
floral organ formation networks of Arabidopsis, has been proposed (Figure 1a) [31]. Protein-
protein interactions between the flowering proteins SUPPRESSOR OF OVEREXPRESSION 
OF CONSTANS1 (SOC1), AGL24, SHORT VEGETATIVE PHASE (SVP), and the floral 
organ identity proteins, e.g. AG, SEPs, SHPs, have been observed. The regulatory feedback 
loop model proposes that heterodimers between members of the two groups prevent 
expression of the flowering proteins in the flower [31].
Besides protein interaction networks, transcriptional regulatory networks can also 
provide clues about interactions between genes and allow the prediction of new modes of 
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regulation [80-83]. A good example is the genetic regulatory network model for flower 
formation, which was recently proposed for Arabidopsis [84]. This model is based on genetic 
and expression data and includes many MADS domain proteins. Interestingly, this model 
predicted autoregulatory loops in MADS domain genes (e.g. AG) that were not elucidated 
before.
Figure 1. Autoregulation of plant MADS domain gene expression. (a) A negative feedback loop model, which 
proposes that MADS domain heterodimers between the flowering proteins and the floral organ identity proteins 
prevent expression of the flowering proteins in the flower [31]. (b) Positive feedback loop model for the 
regulation of the B-type MADS domain proteins [38]. 
In silico target gene prediction 
Fully sequenced genomes allow the search for cis-acting regulatory elements and, 
when available from related species, the sequence of these cis-elements can be compared 
between the species [52, 85-87]. A computational search for the occurrence of a particular 
DNA sequence motif is a method to identify potential target sites (Box 2). The CArG boxes 
can be present in upstream sequences of genes, but are also frequently observed in introns 
(e.g. the AG intron [26]) or even in downstream sequences (e.g. SPL [27]) and therefore we 
screened for the presence of CArG-boxes in genomic regions spanning the gene and 3-kb 
flanking sequences. When the ten base-pair CArG-box consensus sequence (CCW6GG) were 
used for such a search (see for query criteria Table 3), more than 17.000 hits were obtained in 
the Arabidopsis genome, representing about fifteen thousand unique sequences. Because in 
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vitro and in vivo approaches have shown (see Tables 1 and 2) that mismatches are allowed 
and still function as a true recognition site, we search for CArG-like sequences in or near 
genes in the Arabidopsis genome. This revealed more than 340,000 hits, when allowing a 
single mismatch in the consensus. This search does not take into account that some 
substitutions in the CArG-box are more favourable than others, nevertheless this large number 
makes it unlikely that all these sites are bound by MADS domain complexes, because it 
would imply that nearly all the genes in the Arabidopsis genome are controlled by MADS 
domain proteins (Table 3).  
Table 3. In silico identification of putative CArG-box motifs in Arabidopsis MADS-box sequences versus the 
complete Arabidopsis genome.  
Sequences  Motif a) Allowed 
Substitution 
(mismatch)  
% MADS genes b)
with 
1 motif / t 2 motifs  
% Genes in the 
genome c) with 
1 motif / t 2 motifs  
3000 bp upstream CC(W)6GG 0 24 / 4 18 / 2 
  1 100 / 95 98 / 91 
Genomic locus CC(W)6GG 0 11 / 0 12 / 1 
  1 71 / 50 80 / 66 
3000 bp downstream CC(W)6GG 0 21 / 2 18 / 2 
  1 99 / 90 98 / 89 
a) For the motif searches the core CArG-box sequence CC(A/T)6GG was used. The W in the motif represents the 
nucleotide A or T. 
b) Sequences were analysed for the presence of at least 1 or 2 CArG-boxes within the indicated sequences using 
the program PatScan (http://www-unix.mcs.anl.gov/compbio/PatScan/HTML/patscan.html) [98], though there 
are sequences containing more than 2 CArG-boxes. All 107 A. thaliana MADS domain sequences were used for 
the motif searches, sequences were downloaded from The Arabidopsis Information Resource (TAIR; 
http://www.arabidopsis.org) [99], information about accession numbers can be found at 
http://www.arabidopsis.org/info/genefamily/MADSlike.html.
c) The complete A. thaliana genome was analysed for the presence of CArG-box motifs with PatMatch via TAIR 
(http://www.arabidopsis.org/cgi-bin/patmatch/nph-patmatch.pl) [99], January 2006. Settings used in PatMatch: 
sequence databases, 3000 bp locus upstream sequences (31407 sequences), 3000 bp locus downstream sequences 
(31407 sequences), and AGI genes (+ introns, + UTRs; 35351 sequences); DNA strand: Watson (given); 
maximum hits: 250000; type of hits: substitutions; minimum hits per sequence: 1; maximum hits per sequence: 
100. Numbers presented indicate percentage of sequences with hits in the genome.  
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Based on the quartet model, it is hypothesized that a tetrameric protein complex binds 
two cis-elements [45, 46]. Such combinatorial control, either by two different transcription 
factors or by a single transcription factor complex binding multiple cis-elements, is a common 
mechanism in transcriptional regulation [51]. Therefore, a genome-wide search was 
performed for the presence of at least two CArG-boxes in and near genes in the Arabidopsis 
genome (Table 3). Interestingly, the number of genes with at least two perfect CArG boxes 
dropped to ~1700. However, when allowing one mismatch in the consensus, a search revealed 
that the majority of the genes in the Arabidopsis genome (> 91%, Table 3) contains such a 
double motif. Obviously, the presence of a CArG motif in a gene regulatory region is not very 
informative, while other features of the CArG motif, such as the sequence flanking the motif 
or the distance between multiple CArG boxes may play a more important role in cis-trans
recognition.
Perspective
The regulation by transcription factors requires a specific recognition of the DNA 
target site by a DNA-binding protein. Although intensively studied, the required features of 
these binding sites for plant transcription factors are far from understood. Nevertheless, 
studies discussed in this review point to potentially important aspects of cis-trans regulation 
and open avenues for future research. In particular, the sequence of the consensus binding site 
and the adjacent nucleotides, the composition of the transcription factor complex, post-
translational modification of the transcription factors, and the presence of cofactors determine 
the strength of binding, which is a major determinant of specificity. The small consensus 
sequence, such as the CArG box in the case of the MADS domain proteins, is certainly not 
sufficient to explain the specificity, because it can be found near almost every gene in the 
Arabidopsis genome. Although the in vitro random binding site selection (see Box 2) suggests 
that nucleotides flanking the ten base-pair CArG box are also important, the number of 
confirmed in vivo targets is too small to make a statistically sound statement. However, this 
will change rapidly in the near future, when comprehensive genomic microarrays containing 
either promoter sequences or oligomers representing genomic sequences will become 
available. These microarrays will be hybridised with DNA samples obtained from a ChIP 
experiments (“ChIP-on-chip”) yielding binding sites bound by the transcription factor [88, 89] 
as has been nicely illustrated for yeast [88]. Another promising approach that can help in 
Trans meets cis in MADS science 
15
defining the consensus sequence of a particular cis-element is by comparing orthologous 
regulatory sequences in related species, an approach that has been called “phylogenetic 
shadowing” [90]. It is known that the functions of MADS domain proteins are well conserved 
in the plant kingdom [6], which is partly based on the conservation of transcriptional 
regulation and cis-element recognition. This is elegantly shown by Ray Hong and colleagues 
[52], who studied the conservation of cis-elements in the second AG intron among 
Brassicaceae species. Therefore, current and future genome sequencing efforts combined with 
sophisticated sequence comparison methods will provide additional clues about the cis-
element consensus and specificity.    
According to the quartet model [45, 46] a single MADS domain protein complex 
binds to two CArG motifs, which are located in the same transcriptional control unit. This 
proposed requirement reduces the number of putative target sites and furthermore, the 
composition of the tetrameric complexes can contribute to the selectivity. Recent advances in 
the elucidation of dimer compositions for the entire Arabidopsis MADS domain family [31] 
and technical improvements in protein-complex detection and isolation methods will soon 
reveal the stoichiometry of the MADS domain protein complexes. We expect that this 
information in combination with ChIP-on-chip data will unveil a major part of the secrets 
underlying cis-element recognition by transcription factors. Yet another unknown factor is the 
stability of DNA-protein interactions, which is a major aspect of the dynamics that 
characterizes transcriptional control. Methods to quantify the strength of an interaction in a 
cellular context are virtually lacking and the development of these methods remains a 
challenge for the future.
AIM AND OUTLINE OF THE THESIS  
The general aim of this thesis is the identification and characterization of genes 
belonging to the Arabidopsis MADS box transcription factor family. Various aspects of this 
family were studied, which resulted in a global overview of this important transcription factor 
family at the gene, protein, and mutant phenotype level. These results contribute to a better 
understanding of the control of developmental processes by MADS box transcription factors 
and transcriptional regulation in general.
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Chapter 1 reviews shortly the history of research on MADS domain proteins and their 
binding to cis-regulatory elements in target DNA, the so-called CArG-box. Furthermore, the 
current knowledge about MADS box target genes is presented and different aspects of 
protein-DNA binding and target gene specificity are discussed.
Chapter 2 describes the molecular and phylogenetic analyses of the complete 
Arabidopsis MADS box transcription factor family and subsequently, the cloning of all 107 
identified MADS box genes. A preliminary expression study of all MADS box genes is 
presented.
Chapter 3 presents transcript profiling results of transcription factor genes during 
silique development in Arabidopsis, including a more detailed analysis of the expression 
patterns of the MADS box genes. The expression profiles were clustered, which allowed a 
functional classification of the transcription factors in groups, namely pistil development, 
embryogenesis, seed maturation, fruit maturation, and fruit development.  
In Chapter 4 a comprehensive interaction map of nearly all Arabidopsis MADS box 
proteins is described. A matrix-based yeast two-hybrid screen was performed, which revealed 
a collection of specific heterodimers and a few homodimers. Clustering of proteins with 
similar interaction patterns pinpoints to proteins involved in the same developmental program. 
Furthermore, a model is proposed that integrates the floral induction and floral organ 
formation networks based on the interactions between the proteins involved.
In Chapter 5 the functional characterization of two Bsister type MADS box genes are 
described, FBP24 from petunia and ABS from Arabidopsis. These two homologous genes are 
involved in ovule and seed development, more specifically, the results presented suggest a 
role in endothelium identity determination.  
The identification of target genes of the MADS domain protein AGAMOUS (AG) is 
presented in Chapter 6. Novel target genes were validated by in situ hybridization and 
binding to AG protein in vitro and in vivo. The results also suggest that AG and interacting 
proteins (SEPALLATA3, APETALA3, and PISTILLATA) are coordinately regulated by a 
positive-feedback loop to maintain their own expression.  
Chapter 7 covers the first results of MADS domain protein tagging experiments, 
which can be used for chromatin immunoprecipitation (ChIP), or in the case of an affinity tag, 
chromatin affinity purification (ChAP). ChIP/ChAP allows the isolation of in vivo formed 
protein-DNA complexes and hence, the identification of target genes. The results indicate that 
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the function of MADS domain proteins is often affected by fusions with small peptide tags. 
Furthermore, to avoid silencing of the chimeric versions of MADS box genes and to mimic 
endogenous gene expression patterns it appears to be favorable to use a clone spanning the 
entire genomic region fused in frame to the tag of choice. 
This thesis finishes with some concluding remarks and the perspectives of the work 
presented here are given in Chapter 8.
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ABSTRACT 
MADS-box transcription factors are key regulators of several plant development 
processes. Analysis of the complete Arabidopsis genome sequence revealed 107 genes 
encoding MADS-box proteins, of which 84% are of unknown function. Here, we provide a 
complete overview of this family, describing the gene structure, gene expression, genome 
localization, protein motif organization, and the phylogenetic relationship of each member. 
We have divided this transcription factor family into five groups (named MIKC, MĮ, Mȕ, MJ,
and Mį) based on the phylogenetic relationships of the conserved MADS-box domain. This 
study provides a solid base for functional genomics studies into this important family of plant 
regulatory genes, including the poorly characterized group of M-type MADS-box proteins. 
MADS-box genes also constitute an excellent system with which to study the evolution of 
complex gene families in higher plants. 
INTRODUCTION
The completion of the Arabidopsis genome sequence (Arabidopsis Genome Initiative, 
2000) and identification of its complement of 26,000 genes has focused our attention on 
functional analysis. Historically, Arabidopsis gene function has been deduced from forward 
genetic experiments, in which mutants with interesting phenotypes were studied to reveal the 
genetic defects involved. Because we now have a plethora of genes, it has become 
increasingly attractive to make use of the many available reverse genetic screens (Galbiati et 
al., 2000; Marsch-Martinez et al., 2002; Samson et al., 2002) to isolate a mutant. Many 
criteria are used to prioritize genes for reverse genetic analysis, including the discovery of 
informative phenotypes in mutants of related genes.  
Transcription factors are important regulators of cellular processes, and the 
complexity of living organisms necessitates a large number of transcription factors. Several 
large families of transcription factors exist in plants, each with 100 or more members 
(Riechmann and Ratcliffe, 2000). Members of the MADS-box family are known to be 
involved predominantly in developmental processes. Seventeen Arabidopsis loss-of-function 
mutants have been described and studied in detail; these affect  flowering time 
(SUPPRESSOR OF OVEREXPRESSION OF CONSTANS1 [SOC1; Samach et al., 2000], 
FLOWERING LOCUS C [FLC1; Michaels and Amasino, 1999], AGAMOUS-LIKE24
[AGL24; Michaels et al., 2003], MADS AFFECTING FLOWERING 1/FLOWERING LOCUS 
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M [MAF1/FLM; Ratcliffe et al., 2001; Scortecci et al., 2001], and SHORT VEGETATIVE 
PHASE [SVP; Hartmann et al., 2000)]), the determination of floral meristem identity 
(APETALA1 [AP1; Mandel et al., 1992], FRUITFULL [FUL; Gu et al., 1998.], and 
CAULIFLOWER (CAL; Bowman et al., 1993]), floral organogenesis(AP1, SEPALLATA
[SEP1 to SEP3; Pelaz et al., 2000], APETALA3 [AP3; Jack et al., 1992], PISTILLATA [PI;
Goto and Meyerowitz, 1994], and AGAMOUS [AG; Yanofsky et al., 1990]), fruit formation 
(SHATTERPROOF (SHP1 and SHP2; Liljegren et al., 2000] and FUL), and seed 
pigmentation and endothelium development (TRANSPARENT TESTA16; Nesi et al., 2002). 
The best studied plant MADS-box transcription factors are those involved in floral 
organ identity determination. Analysis of homeotic floral mutants resulted in the formulation 
of a genetic model, named the ABC model, that explains how the combined function of three 
classes of genes (A, B, and C) determine the identity of the four flower organs (reviewed in 
Coen and Meyerowitz, 1991). Arabidopsis has two A-class genes (AP1 and AP2 [Bowman et 
al., 1989]), two B-class genes (PI and AP3), and a single C-class gene (AG), of which only 
AP2 is not a MADS-box gene. Recently, it has been shown that the Arabidopsis B- and C 
function genes, which control petal, stamen, and carpel development, are functionally 
dependent on three highly similar MADS-box genes, SEP1, SEP2, and SEP3 (Pelaz et al., 
2000). Interestingly, only when mutant knockout alleles of the three SEP genes were 
combined in a triple sep1 sep2 sep3 mutant was loss of petal, stamen, and carpel identity 
observed, resulting in a flower composed of only sepals. This example shows that redundancy 
occurs in the MADS-box gene family, which complicates reverse genetic strategies for gene 
function analysis. The SHP genes provide another example of MADS-box gene redundancy. 
shp1 and shp2 single mutants do not exhibit any phenotypic effect, whereas in the double 
mutant, development of the dehiscence zone is disturbed in the fruit, resulting in a failure to 
release seeds (Liljegren et al., 2000).
Judging from the broad variety of MADS-box factor functions in Arabidopsis and in 
many other plant species (Colombo et al., 1997; Kater et al., 2001; Fornara et al., 2003) and 
from the phylogenetic analyses of MIKC-type of MADS-box genes (Purugganan et al., 1995; 
Theißen et al., 1996; Münster et al., 1997), it is very likely that this family played a significant 
role in the evolution of plants.
To date, detailed analysis of MADS-box proteins has been restricted to the MIKC 
type, which have a characteristic modular structure. From the N to the C terminus of the 
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protein, four characteristic domains can be identified: the MADS-box (M), intervening (I), 
keratin-like (K), and C-terminal (C) domains. The MADS-box is a DNA-binding domain of 
~58 amino acids that binds DNA at consensus recognition sequences known as CArG boxes 
[CC(A/T)6GG] (Hayes et al., 1988; Riechmann et al., 1996b). The interaction with DNA has 
been studied in detail for the human and yeast MADS-box proteins thanks to the resolved 
crystal structures (Pellegrini et al., 1995; Santelli and Richmond, 2000). The I domain is less 
conserved and contributes to the specification of dimerization. The K domain is characterized 
by a coiled-coil structure, which facilitates the dimerization of MADS-box proteins (Davies et 
al., 1996; Fan et al., 1997). The C domain is the least conserved domain; in some cases, been 
shown to contain a transactivation domain or to contribute to the formation of multimeric 
MADS-box protein complexes (Egea-Cortines et al., 1999; Honma and Goto, 2001). 
Recently, a phylogenetic analysis was performed by Alvarez-Buylla et al. (2000) that 
included 44 Arabidopsis MADS-domain sequences and several MYOCYTE ENHANCER 
FACTOR2-like (MEF2) and SERUM RESPONSE FACTOR-like (SRF) MADS-box domains 
from fungi and animals. Their analysis suggests that a gene duplication occurred, giving rise 
to two main lineages of MADS-box genes: type I and type II. The MIKC-type MADS-box 
proteins, together with MEF2-like proteins, form the type-II lineage. Type-I MADS-box 
transcription factors group together with SRF-like domain proteins; interestingly, these 
Arabidopsis MADS-box factors do not have the typical K domain found in the plant MIKC-
type proteins. 
Using a MADS-box domain consensus sequence for a Basic Local Alignment Search 
Tool (BLAST) search against the entire Arabidopsis genome, we revealed the presence of 107 
MADS-box genes. We have analyzed the full extent of the MADS-box gene family in 
Arabidopsis, resequenced and named the new putative members according to the standard 
AGL nomenclature, and completed a preliminary expression analysis for the entire family. We 
have subdivided the new MADS-box proteins together with those previously characterized 
into five groups based on their phylogenetic relationships in the conserved MADS-box 
domain. Strikingly, all of the known mutant phenotypes, which count for 16% of the total, 
cluster in a single group. These findings will be discussed with respect to the evolution and 
function of plant MADS-box genes, redundancy within the family, and their implications for 
the choice of gene targets for reverse genetic analysis.
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RESULTS
Gene identification and isolation of coding sequences 
To isolate the full complement of the MADS-box genes in Arabidopsis we exploited a 
hidden Markov model (Eddy, 1998) that produces a profile out of a multiple sequence 
alignment of the conserved regions by creating a position-specific scoring matrix, which then 
can be then used to find remote homologs in sequence databases. It has been noted previously 
that profile methods are able to retrieve remote homologs and that they are approximately 
three times more efficient than pair-wise comparisons (Park et al., 1998). Using the HMMER 
2.1.1 software package a profile for MADS-box proteins was built (see Methods). This 
pattern then was used to find new members of the family in the Arabidopis genome. Only hits 
with E values of <1 were considered to be members of the family. This screen resulted in the 
identification of 107 MADS-box sequences comprising 17 previously functionally 
characterized genes (see above) and another 27 genes reported elsewhere (for review of the 
genes, see Alvarez-Buylla et al., 2000). The protein sequences of the new putative MADS-
box proteins were aligned and checked manually for false positives. We used the AGL 
acronym to name the new members (see supplemental data online).  
To isolate the sequences of all of the new MADS-box genes, a pair of gene-specific 
primers was designed (see supplemental data online) for each MADS-box gene and used in 
PCRs with cDNAs synthesized using RNA extracted from various tissues (see Methods).
AGL61, AGL69, AGL77, AGL94, AGL95, and AGL103 coding sequences could not be 
amplified under the experimental conditions tested. Several clones obtained from PCR 
amplification were analyzed to reveal all the coding sequences in cases of high sequence 
identity among closely related genes, which prohibited the use of gene-specific primer pairs. 
The PCR fragments were sequenced and compared with the predicted coding sequences in the 
GenBank database. Where a discrepancy was found with the Arabidopsis Genome Initiative 
(2000) annotations, such as a different 5’ and 3’ intron splicing site, number of introns, or 
open reading frame predictions, a new accession number was acquired for the coding 
sequences. Where splicing variants were found, a new accession number was also given. In 
total, 21 differences (19.6% of genes) between the Arabidopsis Genome Initiative (2000) 
predictions of open reading frames and the amplified coding sequences were identified, and 
splicing variants were detected for six genes (5.6%) (see supplemental data online). 
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Phylogenetic analysis of the Arabidopsis MADS-box gene family 
An alignment of full length predicted MADS-box proteins was constructed using 
CLUSTAL W (Thompson et al., 1994) and refined manually. However, for the initial 
analyses, only the highly conserved MADS-box domain was considered, because it is the only 
region that could be aligned unambiguously between all MADS-box proteins. Phylogenetic 
analysis within the Baysian framework (see Methods) indicated that the MADS-box family of 
genes from Arabidopsis consists of five subfamilies of more closely related sequences, named 
here MĮ (25 genes), Mȕ (20 genes), MJ (16 genes), Mį (6 genes), and MIKC (39 genes). 
Only one gene, AGL33, could not be assigned to any of the five groups formed. Distance 
bootstrap analyses (see Methods) also were performed on the MADS-box domain of a 
restricted dataset of 39 sequences drawn from each of the five groups of sequences recovered 
by the initial Baysian analysis, and this data set included AGL33. These results are shown 
schematically in Figure 1.  
Figure 1. Phylogenetic analysis of MADS-box containing proteins of 
Arabidopsis. Scheme depicting the relationships of major clades of 
MADS domain-containing proteins in Arabidopsis. The topology was 
estimated by analysis of the MADS-box (58 unambiguously aligned 
residues) using the program MrBayes (Huelsenbeck, 2000). Bootstrap 
proportions were derived from quartet-puzzling bootstrap analysis of 
39 representative sequences drawn from across the clades recovered 
by the initial Bayesian analysis (see Methods). 
Baysian and distance bootstrap analyses were performed on the maximum number of 
alignable amino acids within each of these subfamilies. The results of these analyses are 
shown in Figures 2 to 6, in which subtrees are rooted on the basal branches recovered by the 
analysis of the 107-taxa, 58-amino acid data set. In each case, the tree shown is the Bayesian 
tree, with distance bootstrap proportions shown at appropriate nodes. 
To confirm the coherence of the new clades suggested here, we performed Bayesian 
phylogenetic analysis on a selection of MADS-box domains from Arabidopsis and rice. These 
analyses suggest that the gene duplications that gave rise to the MĮ, Mȕ, MJ, Mį, and MIKC
clades occurred before the divergence of monocots and dicots (Figure 7). 
Arabidopsis MADS-box transcription factor family 
31
Figure 2. An analytical view of the Arabidopsis MADS-box gene family. The following parts are shown from 
left to right. Protein maximum likelihood tree: The tree was constructed in the Bayesian framework using 
MrBayes software (Huelsenbeck, 2000) under the jtt substitution model with a J distribution to accommodate 
differences of substitution rates between sites. Bootstrap proportions were calculated using programs within the 
PHYLIP package (Felsenstein, 1989). Expression pattern: The gene expression has been determined by RT-PCR 
using pairs of gene-specific primers. A positive signal is indicated by a colored box for the following tissues: 
brown for roots (R), green for rosette leaves (L), yellow for inflorescences (I), and red for siliques (S). The white 
box indicates that no expression could be detected. Gene structure: The gene structure is presented by blue 
exon(s) and spaces between the blue boxes correspond to introns. The sizes of exons and introns can be 
estimated using the vertical lines. Protein structure: The search for the common motifs shared among the MADS-
box proteins of each group was done with MEME (see Methods). The output of the analysis is schematically 
represented here. Each colored box represents a new motif. A white box present in an otherwise continuing 
sequence of colored boxes means a deletion of an amino acid sequence at the specific position. Black bars 
represent an amino acid sequence not showing any significant homology to other amino acid sequences within 
the group of proteins. The length of the motif can be estimated using the scale at top. aa, amino acids. 
The phylogenetic distribution of rice sequences supported the existence of the five 
groups of angiosperm MADS-box genes suggested here. In fact, for the MĮ, MJ, Mį, and 
MIKC clades, rice proteins could be identified that are monophyletic with the Arabidopsis
sequences (Figure 7). Although we have not identified Mȕ sequences in the rice genome, the 
tree indicates that the gene duplication that gave rise to the Mȕ and MJ clades occurred before 
the divergence of monocots and dicots. More extensive analyses will have to be performed to  
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Figure 3. An analytical view of the Mȕ group of the Arabidopsis MADS-box gene family. The following parts 
are shown from left to right. Protein maximum likelihood tree: The tree was constructed as described in Figure 2. 
Expression pattern: The gene expression has been determined by RT-PCR using pairs of gene-specific primers. 
A positive signal is indicated by a colored box for the following tissues: brown for roots (R), green for rosette 
leaves (L), yellow for inflorescences (I), and red for siliques (S). The white box indicates that no expression 
could be detected. Gene structure: The gene structure is presented by blue exon(s) and spaces between the blue 
boxes correspond to introns. The sizes of exons and introns can be estimated using the vertical lines. Protein 
structure: Each colored box represents a new motif. A white box present in an otherwise continuing sequence of 
colored boxes means a deletion of an amino acid sequence at the specific position. Black bars represent an amino 
acid sequence not showing any significant homology to other amino acid sequences within the group of proteins. 
The length of the motif can be estimated using the scale at top. aa, amino acids. 
confirm whether the Mȕ group has been lost from the rice genome or indeed from all monocot 
genomes.
One striking pattern that emerged from our analyses was that many gene duplications 
within the MIKC group could be demonstrated to have occurred in a common ancestor of rice 
and Arabidopsis. Thus, it may be possible to identify orthologous MIKC genes in these 
species. However, our phylogenetic reconstructions suggest that within the MĮ, MJ, and 
probably Mį groups, expansion of the gene families may be lineage specific.
MADS-box gene expression analysis
Expression of a selection of 24 new MADS-box genes belonging to MĮ (AGL23,
AGL28, AGL40, AGL60, AGL61, and AGL62), Mȕ ҏ(AGL43, AGL47, AGL51, AGL54, AGL76,
AGL78, AGL81, and AGL89),ѽ MJ ҏ(AGL34, AGL37, and AGL80),ѽ Mį ҏ(AGL66 and AGL104),
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Figure 4. An analytical view of the MJ group of the Arabidopsis MADS-box gene family. The following parts 
are shown from left to right. Protein maximum likelihood tree: The tree was constructed as described in Figure 2. 
Expression pattern: The gene expression has been determined by RT-PCR using pairs of gene-specific primers. 
A positive signal is indicated by a colored box for the following tissues: brown for roots (R), green for rosette 
leaves (L), yellow for inflorescences (I), and red for siliques (S). The white box indicates that no expression 
could be detected. Gene structure: The gene structure is presented by blue exon(s) and spaces between the blue 
boxes correspond to introns. The sizes of exons and introns can be estimated using the vertical lines. Protein 
structure: Each colored box represents a new motif. A white box present in an otherwise continuing sequence of 
colored boxes means a deletion of an amino acid sequence at the specific position. Black bars represent an amino 
acid sequence not showing any significant homology to other amino acid sequences within the group of proteins. 
The length of the motif can be estimated using the scale at top. aa, amino acids. 
and MIKC (TT16, AGL42, AGL72, AGL63, and AGL79) groups was examined by RNA gel 
blot analysis using RNA or mRNA samples or by in situ hybridization. 
Surprisingly, in RNA gel blot analysis, a clear signal was detected for only two genes, 
AGL30 and AGL80 (Figures 8A and 8B). Gene expression was also difficult to detect using in 
situ hybridization, which was performed for AGL34, AGL37, AGL63, AGL66, and AGL104,
coding sequences of which had been amplified previously by reverse transcriptase-mediated 
(RT) PCR in the inflorescence or silique. AGL80, which had given a specific signal in RNA 
gel blot analysis, was included as a positive control. Detectable expression was observed only 
in the case of AGL104 and the positive control, AGL80 (Figures 9A to 9C). Expression of all 
the other genes was too low to be detected by in situ hybridization.
Therefore, an RT-PCR approach was chosen to monitor the expression of the newly 
identified MADS-box genes. This approach was also used to isolate the coding sequences and 
was completed here using cDNAs from four types of tissue (root, leaf, inflorescence, and 
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silique) and with the primers specific for each gene (see Methods and supplemental data 
online). The RT-PCR expression data was complied with data from previously published 
expression analyses for 30 MADS-box genes, and the results are presented in Figures 2 to 6. 
Expression was detected for 101 of the 107 MADS-box genes under standard growth 
conditions in one or more of the four tissues tested (Figures 2 to 6).
Figure 5. An analytical view of the Mį group of the Arabidopsis MADS-box gene family. The following parts 
are shown from left to right. Protein maximum likelihood tree: The tree was constructed as described in Figure 2. 
Expression pattern: The gene expression has been determined by RT-PCR using pairs of gene-specific primers. 
A positive signal is indicated by a colored box for the following tissues: brown for roots (R), green for rosette 
leaves (L), yellow for inflorescences (I), and red for siliques (S). The white box indicates that no expression 
could be detected. Gene structure: The gene structure is presented by blue exon(s) and spaces between the blue 
boxes correspond to introns. The sizes of exons and introns can be estimated using the vertical lines. Protein 
structure: Each colored box represents a new motif. A white box present in an otherwise continuing sequence of 
colored boxes means a deletion of an amino acid sequence at the specific position. Black bars represent an amino 
acid sequence not showing any significant homology to other amino acid sequences within the group of proteins. 
The length of the motif can be estimated using the scale at top. The AGL33 gene and protein structure is 
depicted together with this group because it shows the highest amino acid sequence similarity of the MADS-box 
with the Mį group. aa, amino acids. 
Gene structure and duplication 
The MADS-box family shows a very striking bimodal distribution of introns, with the 
MIKC and Mį groups containing multiple introns and the MĮ, Mȕ, and MJ groups usually 
having no introns or a single intron (Figures 2 to 6). Candidate MADS-box genes identified 
from the rice genome sequence also showed this bimodal distribution of introns, with Mį and 
MIKC genes having many introns and MĮ and MJ genes having no introns. This distribution 
could be explained by a differential tendency to lose or acquire introns or by a reverse-
transcribed origin for the ancestors of the MĮ, Mȕ, and MJ groups. The different groups also
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Figure 6. An analytical view of the MIKC group of the Arabidopsis MADS-box gene family. The following 
parts are shown from left to right. Protein maximum likelihood tree: The tree was constructed as described in 
Figure 2. Expression pattern: The gene expression has been determined by RT-PCR using pairs of gene-specific 
primers. A positive signal is indicated by a colored box for the following tissues: brown for roots (R), green for 
rosette leaves (L), yellow for inflorescences (I), and red for siliques (S). The white box indicates that no 
expression could be detected. The detection method for the expression of genes published previously (#) is 
marked as follows: §, in situ hybridization; ĳ, RNA gel blot analysis; ȟ, RT-PCR (see supplemental data online). 
Gene structure: The gene structure is presented by blue exon(s) and spaces between the blue boxes correspond to 
introns. The sizes of exons and introns can be estimated using the vertical lines. Protein structure: Each colored 
box represents a new motif. A white box present in an otherwise continuing sequence of colored boxes means a 
deletion of an amino acid sequence at the specific position. Black bars represent an amino acid sequence not 
showing any significant homology to other amino acid sequences within the group of proteins. The length of the 
motif can be estimated using the scale at top. aa, amino acids. 
show a differential distribution in the Arabidopsis genome. The MIKC genes are distributed 
evenly across all five chromosomes, whereas genes from the other groups are located mainly 
on chromosomes I and V (Figure 10). These two chromosomes account for ~48% of the 
genome (Arabidopsis Genome Initiative, 2000) and carry 49% of the MIKC genes, whereas 
they contain 71 to 83% of the genes from groups MĮ, Mȕ, MJ, and Mį. In eukaryotic 
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transcription factor families, duplications occurred predominantly between different 
chromosomes (Riechmann et al., 2000). In this respect the MIKC and MĮ, Mȕ, MJ, and Mį
groups also differ. Analysis of closely related genes indicates that 53% of the MIKC group 
probably originated from duplications between two different chromosomes, whereas 82% of 
the others can be traced back to internal chromosome duplications. This difference suggests 
that diversity originated more recently in the MĮ, Mȕ, MJ, and Mį groups than in the MIKC 
group because, in other eukaryotes, recent duplication occurred more frequently within 
chromosomes (Lynch and Conery, 2000). In the case of the Mį group, the significance of 
these data must be balanced against its very small size.   
Figure 7. Relationships between 
Arabidopsis and rice MADS-box 
proteins. Phylogenetic analysis of 
58 conserved amino acid residues 
from the MADS-box domain in 
representative sequences from 
Arabidopsis and rice. The tree was 
constructed using the program 
MrBayes (Huelsenbeck, 2000), and 
the support values shown are 
Bayesian posterior probabilities. 
Branches with <50% support have 
been collapsed to give polytomies. 
Rice proteins are indicated in blue. 
Detailed information about the rice 
sequences used in this analysis is 
given in the supplemental data 
online. 
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Duplications of parts of chromosomes have been reported in the Arabidopsis genome 
(Arabidopsis Genome Initiative, 2000; Vision et al., 2000; Simillion et al., 2002), and 81 
MADS-box genes lie within these regions. Only 24 of these genes have a clear relative in the 
duplicated segment (Figure 10). This finding is in agreement with the expected rapid loss of 
one of the copies (Lynch and Conery, 2000). However, of the 24 retained genes, 17 belong to 
the MIKC group and 3 belong to the small (6 genes) Mį group, suggesting that they were 
retained more frequently than duplicated genes from the other groups. Most of these 
duplications occurred at least 75 million years ago (Arabidopsis Genome Initiative, 2000; 
Vision et al., 2000; Simillion et al., 2002), and the maintenance of both gene copies implies a 
positive selection. Alternatively, this difference could be explained if many duplications at the 
origin of MĮ, Mȕ, and MJ genes occurred after the polyploidization event(s) assumed to be 
responsible for most chromosome duplication. However, assessing this hypothesis will 
require further analysis. 
Thus, the different groups of MADS-box genes appear to have evolved according to 
unrelated patterns of duplication that may reflect different evolutionary constraints. Such 
constraints may be linked to the functions controlled by the different groups (Shimeld, 1999). 
Figure 8. RNA gel blot analysis of new MADS-box genes expression. Gene expression was analyzed using 5 µg 
of total RNA isolated from wild-type Arabidopsis plants grown under long-day conditions. expression was 
detected for two genes: AGL30 (A) and AGL80 (B). As a loading control, the blots were reprobed with ACTINE
fragments from Arabidopsis (bottom gels) (see Methods). Arrows indicate the sizes of the bands of the 
hybridization ladder. M, 1-kb DNA ladder (Invitrogen); L, rosette leaf; I, inflorescence; S, silique; 0, siliques 0 
days after pollination.  
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Figure 9. AGL80 and AGL104 expression analyzed by in 
situ hybridization. (A) Arabidopsis stage-9 flower. AGL80
expression is detected in early postmeiotic microspores. (B) 
Arabidopsis stage-12 to -13 flower. AGL80 expression is 
observed in the transmitting tract and the nucellus. (C) 
Section hybridized with AGL104 antisense RNA. In an early 
stage-3 flower, AGL104 expression is detected inside of 
whorl 1, whereas in older flowers, it is detected in young 
developing anthers, in petals, and within carpels (septum and 
developing ovules). Bars = 50 µm. 
Protein sequence analysis: Identification of 
common motifs 
To discover motifs shared among related proteins 
within the newly formed MĮ, Mȕ, MJ, and Mį
ҏgroups, we used MEME (Multiple Expectation 
Minimization for Motif Elicitation) version 2.2 
(Bailey and Elkan, 1994), which performs motif 
searches in groups of related DNA or protein 
sequences. The search was performed separately 
for each of the four groups of proteins (see 
Methods and supplemental data online). The 
MIKC group of proteins was used as a control 
testing set to reliably compare the output of the 
analysis.
SMART (Simple Motif Architecture 
Research Tool) version 3.4 (Schulz et al., 1998; 
Letunic et al., 2002) was used to annotate the 
motifs found by MEME. This World Wide Web-
based resource is able to recognize >500 domains assigned to different types of proteins. The 
results are schematically presented in Figures 2 to 6.  
As expected, the MIKC proteins exhibit common structural features, represented here 
by four shared boxes: yellow, red, blue, and green (Figure 6). The results of the SMART 
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analysis indicate that the yellow box corresponds to the MADS-box domain and that the 
entire region from the C terminus of the red box to the C terminus of the green box 
corresponds to the K-domain. Thus, the remaining part of the red box represents the I region 
and all sequences C terminal to the green box constitute the C-terminal domain, which is not 
well conserved, except between closely related proteins within the group (Figure 6). The only 
exception to the “MIKC structural conservation” is found in AGL63, the most divergent 
protein of the MIKC type (Figure 6), in which the presence of the K-domain was not 
confirmed by SMART.  
Figure 10. Distribution of the members of the MADS-box gene family in the Arabidopsis genome. MADS-box 
genes are plotted according to their sequence position along the five chromosomes. Genes located in close 
proximity to one another cannot be plotted individually and are listed according to their relative positions. Genes 
from the five groups are represented in different colors (MIKC, blue; MD, pink; ME, green; MJ, red; MG,
orange). Genes present in chromosome segments affected by large duplications are boxed together. Each box 
corresponds to a single chromosome fragment. Asterisks indicate that there is a related gene in the duplicated 
segment. Tandem repeated genes (closely related genes that flank each other directly) are joined by thick black 
lines. Closely related genes separated by a maximum of three unrelated genes are joined by thick blue lines. 
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Almost all the other proteins grouped in MĮ, Mȕ, MJ, and Mį share only the MADS 
domain with MIKC members. The exceptions are AGL88 and AGL85 (MĮ), AGL105 (Mȕ),
and AGL95 (MJ), which do not contain the entire MADS-box domain. This domain is ~58 
amino acids long in all groups with the exception of Mȕ. In Mȕ, the N-terminal part of the 
MADS-box domain is not conserved, and it contains a sequence unrelated to the highly 
conserved MADS-box sequence consensus (see supplemental data online) (Shore and 
Sharrocks, 1995). Although in the case of the MIKC and Mį proteins, the MADS-box (58 
amino acids) is defined by a single motif (the yellow box), in the other groups, this conserved 
region spans two motifs, the yellow box and the N-terminal part of subsequent motif (Figures 
2 to 6). This shows that the C-terminal part of the MADS-box domain in the MĮ, Mȕ, and MJ
ҏgroups is more divergent. C terminal to the MADS-box domain, each of the groups shows a 
different motif profile, and none of these motifs can be annotated using SMART. However, in 
some of the proteins, a coiled-coil structure was detected by SMART (see supplemental data 
online).
The schemes of the protein motifs of the individual members of the MADS-box family 
clearly demonstrate structural similarities among the proteins within one group and show a 
characteristic but different pattern for each of the five groups defined. Although the MĮ
proteins show two common motifs, the MADS box and the pink motif (Figure 2), they are 
otherwise highly divergent. The majority of the MJ proteins are similar in the N-terminal 150-
amino acid region (Figure 4), and the Mȕ proteins demonstrate almost identical motif 
composition for the members of the individual subclades (Figure 3). As demonstrated 
experimentally for the MIKC group members (Davies et al., 1996; Krizek and Meyerowitz, 
1996; Riechmann et al., 1996a, 1996b), the commonly shared motifs tend to be of functional 
and structural importance. It will be of interest to characterize the functions of the common 
motifs within the newly designated groups in relation to the functions of these genes. 
DISCUSSION 
Annotation of the Arabidopsis MADS-box family 
Although the annotation of genes has progressed rapidly since the publication of the 
Arabidopsis genome sequence at the end of the year 2000, a large percentage of genes still 
remain unclassified. Here, we demonstrate the advantage of using a hidden Markov model 
profile search to reveal remote homologs of a gene of interest and assigning such sequences to 
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a specific protein class. In total, 107 Arabidopsis MADS-box genes were isolated using this 
approach, allowing us to increase the predicted size of this gene family (Riechmann et al., 
2000) by 30%.
Amplification of these coding sequences by RT-PCR and sequencing of these 
products turned to be an important step, because 19.6% of the predicted open reading frames 
in the database were incorrect (here, we refer to the predictions by the Arabidopsis Genome 
Initiative [2000] group, because they can differ based on the database of reference [i.e., they 
are different in some cases in the MIPS database]). It became evident that for most of the 
newly identified MADS-box genes, no ESTs were present in the database, probably as a result 
of their low expression levels, as shown here. 
Although the gene expression analysis showed that 94% of the MADS-box genes are 
transcribed, it is possible that not all of the new MADS-box genes are functional. As seen in 
Figures 2 to 5, several of the new MADS-box proteins are missing part of the MADS-box 
domain or terminate a short distance after it. It is possible that these genes are pseudogenes 
whose transcriptional activity is maintained. However, we cannot exclude the possibility that 
these genes, truncated transcription factors play a role, positive or negative, in gene 
regulation.
The number of potential MADS-box proteins can be increased by splicing variants of 
single gene transcripts, as demonstrated here for several members of the family. This 
phenomenon is well known for the human MEF2 genes: particular MEF2 isoforms are 
detected predominantly in muscle cells (Shore and Sharrocks, 1995). It will be interesting to 
determine if a cell- or tissue-specific accumulation of one type of MADS-box gene splice 
variant also occurs in plants. 
Origin of the Arabidopsis MADS-box family  
It has been suggested previously that the Arabidopsis MADS-box genes can be 
divided into two groups, type I (SRF-like) and type II (MEF2-like) (Alvarez-Buylla et al., 
2000), based on their sequence similarity in the MADS-box domain with animal and fungal 
MADS-box proteins. It was proposed that both types of genes already existed before the 
divergence of plants and animals/fungi. Our data are consistent with this ancestral division of
the MADS-box gene family into two distinct types. However, contrary to the suggestion of 
Alvarez-Buylla et al. (2000), our analyses suggested a specific relationship between the Mį
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sequences and the MIKC genes. On the basis of these analyses and the shared gene structure, 
we tentatively assign the Mį genes to the type-II group.
On the basis of gene duplications, we suggest a further division of angiosperm type-I 
and type-II MADS-box genes into five distinct groups. Within the type-I family, at least two 
gene duplications appear to have occurred. We have designated the resulting clades MĮ, Mȕ,
and MJ. Our phylogenetic reconstructions using rice sequences indicate that additional gene 
duplications within the MĮ and MJ clades may have occurred predominantly after the 
divergence of monocots and dicots, because rice and Arabidopsis MĮ and MJ groups emerged 
as sisters in the tree. Given the paucity of functional information regarding genes within these 
clades, either from rice or Arabidopsis, it is difficult to speculate on evolutionary conservation 
of function within these groups. Our analyses also suggest that Mȕ genes may not have been 
retained in the rice genome. Therefore, this group might be specific to the dicot lineage, 
although more extensive analysis of the rice genome sequence is needed to confirm this idea. 
Confirmation of the relative timing of MADS-box family expansion within plants 
must await comparative analysis of MADS-box genes from more primitive plants. However, 
the results of such analyses are unlikely to alter our conclusions at least with regard to MADS-
box diversity in angiosperms.
With respect to our analysis of Arabidopsis MADS-box sequences, bootstrap support 
for the coherence of and relationships between the diverse clades of MADS box–containing 
proteins (including the well-established MIKC group) was moderate. The low support for the 
coherence of the MIKC clade resulted from a tendency of some M  sequences to be recovered 
within the MIKC clade in some bootstrap replicates. The overall tendency for bootstrap values
for the coherence of clades to be low in the global MADS-box analysis is not entirely 
unexpected, given the high degree of conservation and the short length of the domain.
Within several of the clades of sequences defined here, notably MIKC and Mȕ,
bootstrap partitions for some relationships are rather low. In Mȕ, this lack of resolution is 
attributable to the high degree of conservation of many sequences. This similarity is supported 
by the large number of conserved sequence motifs recovered by MEME. In the MIKC group 
of proteins, the situation is more complicated. It is notable that low bootstrap support values 
tend to be associated with branches leading to divergent sequences (those with long terminal 
branch lengths). This phenomenon is associated with the different properties of the Bayesian
method used to estimate the tree and the distance method used to calculate bootstrap 
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partitions. The Bayesian method, like related likelihood methods, is less affected by the 
artifact of "long branch attraction," whereby divergent sequences tend to cluster together 
basally of their true positions in phylogenetic reconstructions. The distance reconstruction 
used for bootstrap analysis is rather sensitive to this problem and tends to recover topologies
in which divergent sequences cluster together at the base of the tree (Felsenstein, 1978; 
Huelsenbeck, 1997). The relative lack of corroborating conserved domains associated with the 
sequences in question both supports their divergence and precludes strong conclusions 
regarding their correct placement within the clade. However, although the conclusions derived
from the Bayesian and distance bootstrap methods used here differ slightly with respect to 
specific relationships between sequences, the coherence of major clades was preserved by 
both tree reconstruction methods considered.
The MIKC, MĮ, Mȕ, MJ, and Mį groups 
 There are number of differences which clearly separate the origin of the MIKC and the 
MĮ, Mȕ,ѽ and MJ ҏgroups. First, the genome distribution of the MIKC genes linked to the 
genome history suggests that these genes already existed in the time of the polyploidization of 
Arabidopsis genome (75 million years ago) and that they probably played an important role in 
plant development, because 17 of the copied genes were maintained during this evolution. 
Furthermore, MIKC gene structures clearly differ from those of the MĮ, Mȕ,ѽ and MJ genes: 
they are much longer and contain five to eight exons. It seems that the MIKC gene structure is 
ancestral to the entire MIKC clade. However, the high level of conservation of the M and K 
domains suggests that they have continually evolved under stronger structural/functional 
constraints than did the more divergent I and C domains. The origin of the Mį ҏgroup is 
curious in this respect. This group is small and contains genes that have the structural 
complexity of the MIKC genes (5 to 10 exons) and that exhibit the highest MADS-box 
sequence similarity with the MIKC genes. However, they do not contain the K domain, and 
the function of none of them is known.  
Why has no mutant phenotype been ascribed to the new type of MADS-box genes? 
Amazingly, all of the known phenotypic mutants belong to the MIKC group, despite 
the fact that there are more non-MIKC MADS-box genes. How can this be explained? It is 
possible that because the MIKC genes have been known for a longer time than the non-MIKC
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genes, they have been subjected to more investigation, including reverse genetic analysis, 
which has resulted in more mutants being found. However, it is statistically unlikely that this
is the sole reason for the unequal distribution of mutants. Another possible explanation for the 
lack of known mutants among non-MIKC genes is that they are not functional genes. The 
evidence we present here contradicts this possibility, because we show that they are expressed, 
conserved between species, and, mostly, retain the ability to encode group-specific protein 
domains. If the non-MIKC genes are functional, it is possible that loss-of-function mutants 
would be lethal. Our preliminary experiments suggest that this is not the case, because we 
have identified several insertion mutants in these genes, all of which are viable (our
unpublished results). Of course, this finding does not exclude the possibility that some of the 
non-MIKC genes are essential.
Redundancy could provide another reason for the lack of obvious phenotypic mutants 
among these genes. The MIKC group of MADS-box genes already provides several very clear 
examples of redundancy, such as AP1/CAL/FUL (Ferrándiz et al., 2000), the SEP genes (Pelaz 
et al., 2000), and the SHP genes (Liljegren et al., 2000). Finally, it is possible that members of 
the MIKC group control functions with very obvious phenotypic effects, whereas the MĮ, Mȕ,
MJ, and Mį groups control much more subtle functions, possibly even unrelated to 
development. If this is the case, functional characterization of the MĮ, Mȕ, MJ, and Mį
groups will require much more stringent phenotypic examination, which might have to include 
the construction of multiple mutant combinations, transcript profiling, and proteomic and 
metabolic analyses. Our expression analysis provides an important step in this search, by
establishing the tissues in which these genes are expressed. Further reverse genetic screens 
will allow us to distinguish between these possibilities.
In conclusion, the results presented here will provide the framework for further studies 
of the MIKC and the new classes of MADS-box genes and also will motivate evolutionary 
biologists who study this important transcription factor family in plants and other organisms.
METHODS
Identification of new MADS-box genes in Arabidopsis 
The hidden Markov model (Eddy, 1998) was exploited for identification of new 
MADS-box genes in Arabidopsis thaliana that produced a MADS-box profile out of a 
multiple alignment of the MADS-box conserved regions. To build this profile, a search was 
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performed in the SWISSPROT database to find amino acid sequences from different plant 
species that are described as members of the MADS-box domain family. Subsequently, these 
sequences were used in a Basic Local Alignment Search Tool (BLAST; Altschul et al., 1997) 
search against a nonredundant protein sequence database, and all hits bellow an E value of  
10-3 were retrieved for multiple alignment (see supplemental data online). The multiple 
alignment performed with CLUSTAL W (Thompson et al., 1994) was corrected by hand 
removing the less conserved regions. Using the HMMER 2.1.1 software package 
(http://hmmer.wust.edu), a profile for the MADS box was built. This pattern then was used to 
find new members of the family in the Arabidopsis genome. 
For each new gene, a pair of primers was designed (see supplemental data online) to 
amplify the coding sequences using first-strand cDNAs prepared from various plant tissues. 
First-strand cDNAs were produced using total RNA (see below) and Superscript II RNase H-
Reverse Transcriptase (Invitrogen, Carlsbad, CA), reverse transcriptase from Moloney murine 
leukemia virus (GIBCO), or Omniscript Reverse Transcriptase (Qiagen, Valencia, CA) 
according to the manufacturer’s instructions. The PCR fragments were cloned into pGEM-T 
Easy vector (Promega) or pBluescript II KS+ (Stratagene) and sequenced from both ends. The 
sequencing reactions were performed using the CEQ 2000 Dye Terminator Cycle Sequencing 
Quick Start kit (Beckman Coulter) and the CEQ 2000XL DNA Analysis System (Beckman 
Coulter) or BigDye Terminator Cycle Sequencing Kit (ABI PRISM, Foster City, CA) and the 
ABI PRISM 310 Genetic Analyzer. 
The supplemental data online list all the MADS-box genes from Arabidopsis that were 
analyzed. These data contain the Arabidopsis Genome Initiative (2000) gene identification 
number and new GenBank accession number(s) when our sequence differed from the 
Arabidopsis Genome Initiative (2000) predictions and when new splicing variants were 
identified.
Phylogenetic reconstructions 
The data sets of 107 Arabidopsis sequences and 40 sequences from rice and 
Arabidopsis were aligned using CLUSTAL W (Thompson et al., 1994), and the alignments 
were refined manually. For the initial phylogenetic analysis and the analysis of the data set 
that included rice sequences, we considered only the MADS-box domain because no other 
region could be aligned unambiguously for all of the sequences available. A mask was 
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applied to remove insertions in the core MADS box, leaving a data set containing 58 
characters. In a few cases (Mȕ group), where N-terminal regions of the MADS domain were 
highly divergent, we recoded divergent N-terminal regions as unknown characters; this 
measure was taken to minimize the effects of long branch attraction artifacts on the 
construction of phylogenetic trees.
Baysian phylogenetic trees for this data sets were estimated (using the program 
MrBayes version 2.01 [Huelsenbeck, 2000]) under the JTT-f model of amino acid substitution 
with site-by-site substitution rate variation modeled with an invariable and 4 J category 
model. A total of 200,001 generations were performed, with trees sampled every 50 
generations. Amino acid frequencies were estimated from the data sets and a “burn-in” of 250 
trees was used in estimation of the consensus topologies. According to the results of these 
analysis, the full-length sequences were divided into five groups of more closely related 
genes. These five groups of sequences were realigned, and new masks were applied to allow 
analysis of the maximum number of unambiguously aligned residues for each group (MĮ, 25 
sequences, 75 characters; Mȕ, 20 sequences, 77 characters; MJ, 16 sequences, 153 characters; 
Mį, 6 sequences, 63 characters; MIKC group, 39 sequences, 132 characters). Phylogenetic 
analysis of each data set was performed in MrBayes using the model described previously.  
Bootstrap partitions for the Arabidopsis data sets were obtained using the programs 
TREE-PUZZLE version 5.0 (Strimmer and Von Haeseler, 1996) automated with the script 
PUZZLEBOOT (http://www.tree-puzzle.de/#puzzleboot). Briefly, 100 bootstrap distance 
matrices were generated under the same model used for Baysian analyses. Proportions of 
invariable sites and the Į parameter for the J distribution were estimated on the topology for 
the Baysian tree obtained previously for each data set. Trees were obtained from bootstrap 
distance matrices using the program FITCH (Felsenstein, 1989) with three random additions 
of distances. Bootstrap partitions were calculated with the program CONSENSE (Felsenstein, 
1989).
Additionally, a reduced dataset of 39 sequences distributed among all five of the 
clades generated by the initial analysis of 107 MADS-box domain sequences was used to 
generate bootstrap partitions for the relationships between the five clades described in that 
analysis. 
For Figure 2 to 6, Baysian trees for each clade are depicted as rooted at the position 
specified by unconstrained analysis of the 107-sequence MADS-box only data set, although 
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the trees were generated by unrooted analyses. Bootstrap proportions and Baysian posterior 
probabilities are displayed at each node with a value >50%. 
Gene expression analysis
We used the Arabidopsis ecotype Columbia for our experiments. The plants were 
grown in soil in a temperature-controlled greenhouse under long-day conditions (16-h 
photoperiod).
RNA gel blot analysis 
Total RNA was extracted from various tissues using the TRIzol reagent (Invitrogen) 
or the LiCl method described by Verwoerd et al. (1989). Poly(A+) mRNA was isolated using 
the mRNA Purification Kit (Amersham Pharmacia Biotech) according to the manufacturer’s 
instructions. RNA was denatured using the glyoxal method (Sambrook et al., 1989) and 
separated on 1.2% agarose gel in 15mM Na-phopshate buffer, pH 6.5. Five to 15 µg of total 
RNA or 2.5 µg of mRNA was used in different experiments. After separation, the gel was 
capillary blotted overnight on the Hybond-N or Hybond-N+ membranes (Amersham 
Pharmacia Biotech) in 25mM Na-phosphate buffer, pH 6.5. The membrane was fixed after the 
transfer by baking for 2h at 80oC. The membranes were prehybridized for 1.5 h  65oC in a 
hybridization buffer containing 6x SSC (1x SSC is 0.15 M NaCl and 0.015 M sodium citrate), 
5x Denhardt’s solution (1x Denhardt’s solution is 0.02% Ficoll, 0.02% polyvinylpyrrolidone, 
and 0.02% BSA), 0.01 M EDTA, 0.5% (w/v) SDS (Sambrook et al., 1989), and fragmented 
salmon sperm DNA at a final concentration of 125 µg/mL. 
The hybridization was performed at 42oC overnight in a buffer containing 10% (w/v) 
dextran sulfate, 6x SSC, 2x Denhardt’s solution, 0.1% (w/v) SDS, and 50% (v/v) formamide. 
Probes were labeled with 32P using the Random Primed DNA Labeling Kit (Roche, 
Indianapolis, IN). We used the following fragments to detect gene expression: for AGL30 and
AGL80, 404- and 878-bp 3’ coding sequence-specific fragments, respectively; for the loading 
control, a 509-bp fragment of ACTINE11 gene from Arabidopis was amplified with the 
primer pair OL260 (5’-GTGTTGGACTCTGGA-GATGGTGTG-3’) and OL261 (5’-
GCCAAAGCAGTGATCTCTTTGCTC-3’). The blots were washed at 65oC as follows: 25 
min in 2x SSC and 0.1% (w/v) SDS, 25 min in 1x SSC and 0.1% (w/v) SDS, and 15 min in 
0.5x SSC and 0.1% (w/v) SDS. The washes were stopped at the latter step when the washing 
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buffers remained clean (nonradioactive). The blots were exposed to a film (Kodak) at -80oC
for 4 to 7 days.
In situ hybridisation
Digoxigenin-labeled riboprobes, excluding the conserved MADS-box domain, for 
AGL34, AGL37, AGL63, AGL66, AGL80, and AGL104, corresponding to 878-, 717-, 489-, 
687-, 878-, and 894-bp fragments, respectively, were produced using DIG RNA labeling mix 
and T3 polymerase (Roche Diagnostics) according to manufacturer’s instructions. Material 
for in situ hybridization was prepared and hybridized to RNA probes as described previously 
by Zachgo (2002).
Reverse transcriptase-mediated PCR 
First-strand cDNA from root, leaf, inflorescence, and silique (for the preparation, see 
above) was used as template with specific primers for each gene (see supplemental data 
online). In general, The PCR cycler was set up as follows: 95oC for 3 min; 30 to 35 cycles of 
95oC for 1 min, 55oC for 1 min, and 72oC for 1 to 2 min; with a final extension at 72oC for 5 
min. The PCR mix was prepared according to the manufacturer’s instruction; we used 
TaqPlus Precision Polymerase (Stratagene), the Expand High-Fidelity PCR System (Roche), 
or PLATINUM pfx DNA Polymerase (Invitrogen). Twenty microliters from the 100-µL PCR 
product was separated on 1% (w/v) agarose gel in 1x TAE buffer (40 mM Tris-acetate and 1 
mM EDTA) and stained with ethidium bromide to visualize the products. For each gene, two 
or three independent replicates were made. 
Gene structure and localization on chromosomes 
Gene structures were visualized using Jellyfish software (Riethof and Balakrishnan, 
2001). Gene positions on chromosomes were determined using SeqViewer 
(http://arabidopsisorg/servlets/sv). Gene duplications and their presence on duplicated 
segments were investigated using the MIPS Redundancy Viewer 
(http://mips.gsf.de/proj/thal/db/gv/rv/) and the Simillion database (Simillion et al., 2002) 
(http://www.psb.rug.ac.be/bioinformatics/simillion_pnas02). 
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Analysis of MADS-box protein sequences 
To find shared motifs among the protein sequences belonging to one group, we 
exploited MEME version 2.2 (Bailey and Elkan, 1994). The full-length protein sequences 
were grouped based on the results of the phylogenetic analysis (Figures 2 to 6). AGL33 was 
analyzed together with the Mį proteins. The parameters of analysis were set up as follows: 
number of repetition, any; maximum number of motifs, 20; and optimum width of the motif, 
6 and 200. In case of the Mȕ group, the number of motifs was set to 25. Only motifs with E
values <1.5 (this value was estimated after the visual inspection of the alignment) were 
considered. The MEME search is unable to recognize a motif if a gap is present in the 
alignment. In the case that a clear similarity was found among the aligned sequences but not 
recognized because of program restrictions, we marked the motif in the alignment (see 
supplemental data online). The motif profile for each of the proteins then was reproduced 
schematically in Figures 2 to 6.  
To search for functional domains within the MADS-box protein sequences, we used 
the SMART version 3.4 (Schulz et al., 1998; Letunic et al., 2002) World Wide Web-based 
resource.
 Upon request, all novel materials described in this article will be made available in a 
timely manner for noncommercial research purposes.
SUPPLEMENTARY DATA 
Supplemental Table 1. Sequences of MADS-box proteins used initially to create a HMM 
profile.
Supplemental Table 2. Primers used for amplification of the MADS-box coding sequences 
and for expression analysis by RT-PCR.
Supplemental Table 3. A list of Arabidopsis MADS-box genes.
Supplemental Table 4. Non exhaustive list of Predicted Rice (Oryza sativa) MADS-box 
genes.
Malpha. Alignment of Malpha MADS-box proteins, including marked motifs.  
Mbeta. Alignment of Mbeta MADS-box proteins, including marked motifs.  
Mdelta. Alignment of Mdelta MADS-box proteins, including marked motifs.  
Mgamma. Alignment of Mgamma MADS-box proteins, including marked motifs.  
MIKC. Alignment of MIKC MADS-box proteins, including marked motifs.  
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ABSTRACT 
Flower development is a key process for all angiosperms and is essential for sexual 
reproduction. The last phase in flower development is fertilization of the ovules and formation 
of the fruits, which are both biologically and economically of importance. Here, we report the 
expression profiles of over 1100 unique Arabidopsis genes coding for known and putative 
transcription factors (TFs) during silique development using high-density filter array 
hybridizations. Hierarchical cluster analyses revealed distinct expression profiles for the 
different silique developmental stages. This allowed a functional classification of these 
expression profiles in groups, namely pistil development, embryogenesis, seed maturation, 
fruit maturation, and fruit development. A further focus was made on the MADS-box family, 
which contains many members that are functionally well-characterized. The expression 
profiles of these MADS-box genes during silique development give additional clues on their 
functions and evolutionary relationship.
INTRODUCTION
During the last phase of flower development the female gametes are fertilized and 
seeds and the fruit are formed. Fruits develop from the female reproductive part of the 
angiosperm flower, which is also referred to as the gynoecium and consist of one or more 
ovule-bearing leaf-like structures, the carpels. In Arabidopsis, two carpels arise from the 
center of the flower and fuse post-genitally to form a pistil. At the anthesis stage, the 
Arabidopsis pistil is composed of an apical stigma, a short style, and a basal ovary that 
contains the ovules. When pollen grains land on the stigma, they germinate and grow via the 
transmitting tract, along the septum, which divides internally the ovary, to the ovules where 
fertilization takes place (Gasser and Robinson-Beers, 1993; Bowman, 1994; Ferrandiz et al., 
1999; Sessions, 1999).
After fertilization, the fertilized egg cell, the zygote, divides and develops 
subsequently into a globular embryo, continues with a heart stage, a torpedo stage, a 
cotyledon stage, a bended cotyledon stage embryo, and together with the seed coat and 
remnants of endosperm ending in a mature seed (reviewed in Chaudhury et al., 1998). During 
this embryonic development the basic body plan of the mature plant is established. The 
developing embryo is highly polarized, with a shoot-root axis. The root meristem is formed 
during mid-heart stage, while the shoot meristem appears during the torpedo stage. The 
Transcript profiling of TF genes during silique development 
59
cotyledon primordia are rapidly formed by cell divisions leading to the heart shaped embryo 
that continues growing by cell divisions and cell elongation leading to the torpedo stage. 
From this stage on the embryo size increases rapidly by cell expansion. Besides this, 
deposition of storage macro-molecules starts, like lipids, proteins, and carbohydrates that 
mainly accumulate in the cotyledons, which also causes an increase in embryo size. Finally, 
the embryo is getting mature and desiccation is started. The seed coat is formed from the two 
integuments that surround the embryo. 
Parallel to the process of embryogenesis, the pistil has developed into a silique. 
Silique growth is initially characterized by mainly cell division and differentiation, followed 
by a rapid cell expansion that gives the silique its mature size. During the differentiation 
phase, a dehiscence zone is formed that has a function in seed dispersal. This is a region, no 
more than a few cells wide that extends the entire length of the silique at the valve-replum 
boundaries. When the seeds reach the mature stage, the silique starts to turn yellow, from the 
tip to the base. Besides this, the inside layers of the valves become lignified and the valves 
start to dry. As a result of these processes, the valves finally separate from the dry silique and 
the seeds disperse, also called pod shattering (Ferrandiz et al., 1999; Ferrandiz, 2002).
Gene regulation at the level of transcription is crucial for almost all biological 
processes in a cell or organism. Transcription factors (TFs) are sequence-specific DNA-
binding proteins that are capable of activating and/or repressing transcription. Often they are 
expressed in a tissue-specific, developmental-stage-specific, or stimulus-dependent manner. 
The completion of the Arabidopsis thaliana genome sequence (Arabidopsis Genome 
Initiative, 2000) have allowed the identification of its full content of TFs in Arabidopsis. It 
has been estimated that the Arabidopsis genome encodes for more than 1500 TFs, which is 
about 6% of the total estimated ~26,000 genes (Arabidopsis Genome Initiative, 2000; 
Riechmann et al., 2000; Riechmann and Ratcliffe, 2000). Many mutants affected in 
development or metabolic processes have been associated with altered expression levels of TF 
genes (for reviews: Riechmann and Ratcliffe, 2000; Zhang, 2003), demonstrating the 
importance of TFs. Therefore, the analysis of expression patterns of TF genes will be the 
basis for a better understanding of plant developmental processes.  
Here, we report the expression profiles of over 1100 unique Arabidopsis TF genes 
during silique development. This unique expression data set provides new insights in the 
transcriptional regulation of TF genes, which are involved in many cellular and metabolic 
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processes active during fruit and seed development. A further focus was made on the MADS-
box family of TFs, which contains many members that are functionally well-characterized. 
The expression profiles of these MADS-box genes during silique development give additional 
clues on their functions and evolutionary relationship.
MATERIALS AND METHODS 
Plant growth 
Arabidopsis thaliana plants (ecotype Columbia-0 [Col-0] and empty siliques mutant, 
which is in a Wassilevskija-3 [Ws-3] background) were grown under normal greenhouse 
conditions (22°C, 16 h of light). Inflorescences were labeled to harvest pistils/siliques of 
defined stages. Just before anthesis, when the flower is opened, pistils were harvested (0 Days 
After Pollination, DAP). Pistils/siliques from wild type plants were harvested at 0, 4, 8, 12 
and 16 DAP. From the empty siliques mutant (Marsch-Martinez et al., 2002) siliques of 
different stages were harvested. Each stage was harvested from ~12 plants, pooled, directly 
frozen in liquid nitrogen and stored at – 80°C. 
Probe preparation and annotation 
All Arabidopsis TFs were identified by use of BLAST searches (Altschul et al., 1997) 
and with hidden Markov model (HMM) methods (Eddy, 1998). HMM profiles were built for 
each TF family and used to identify new members in the MIPS Arabidopsis thaliana database 
(MAtDB), on http://mips.gsf.de/proj/thal/db (Schoof et al., 2002). If two domains were found 
from different TF families in the same protein, the protein was assigned to the TF family with 
the highest score. Gene specific primers were designed and cDNA or genomic DNA 
fragments were amplified by PCR, sequenced, and cloned in ampicillin resistant vectors 
flanked by M13 primer sites. Family specific regions were mainly excluded in the primer 
design and in the clones generated. This work was performed in the REGIA Consortium 
(REgulatory Gene Initiative in Arabidopsis) (Paz-Ares and The REGIA Consortium, 2002). 
All clones were stored in fourteen 96-well plates and were re-sequenced to confirm the 
identity of almost all clones. Clone identity and sequence information are available at 
http://www2.mpiz-koeln.mpg.de/~adis/tfarray/. Sequences were annotated by BLAST 
searches and AGI numbers were used to download a protein description for each clone from 
The Arabidopsis Information Resource (TAIR), 
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http://www.arabidopsis.org/tools/bulk/sequences/index.jsp, on www.arabidopsis.org, May 12, 
2004 (Huala et al., 2001).
High-density filter array preparation 
Bacterial cultures containing plasmid clones, stored in fourteen 96-well plates were re-
grown and the plasmids were isolated with the BioRobot 9600 (Qiagen, Valencia, CA). 
Inserts were amplified from these plasmids with M13 primers on a PTC-225 thermal cycler 
(MJ Research, Waltham, MA) and stored in four 384-well plates. DNA concentrations were 
estimated as 50 ng/µL and DNA was directly used for spotting without further purification. 
For spotting we used the MicroGrid 2 (BioRobotics, Cambridge, UK), with a 384-pin tool 
with a pin size of 0.4 mm. We applied five times 20 nL of DNA on Hybond-N+ membranes 
(Amersham Biosciences, Piscataway, NJ) that resulted in spots that contain around 5 ng of 
DNA. Before spotting, membranes were placed in denaturation-buffer (0.5 M NaOH, 1.5 M 
NaCl) for 5-10 min and then dried on Whatmann paper until they became matt. After 
spotting, membranes were placed on Whatmann paper saturated with denaturation-buffer for 
5-10 min and then placed on Whatmann paper saturated with neutralization-buffer (1.5 M 
NaCl, 0.5 M Tris/HCl, pH 7.2) for 5-10 min. Membranes were dried for one night and 
subsequently autocrosslinked at 120 mJ with an UV Stratalinker 2400 (Stratagene, La Jolla, 
CA). The filter array (110 x 75 mm) contains 1304 unique clones spotted twice in 24 x 16 
sub-arrays of 4 x 4 spots, where duplicated clones are located in the same sub-array.  
Target preparation and filter array hybridization 
Total RNA was isolated from frozen material according to Verwoerd et al. (1989) and 
for silique stage 8 and 16 DAP according to the hot-borate method (Verwoerd et al., 1989; 
Wan and Wilkins, 1994), followed by mRNA purification with oligo(dT)-cellulose columns 
according to manufacturer’s instructions (Amersham Biosciences). In brief, 0.5 - 6 µg 
poly(A+) RNA was reverse transcribed with 200 U Superscript II (Invitrogen, Carlsbad, CA) 
using 4 µL oligo-dT25V (0.5 µg/µL) primer, with 50 µCi [Į-33P]dCTP, 1 µL unlabeled dATP, 
dGTP, dTTP (10 mM each), and dCTP (0.1 mM). The reaction was performed, including 1 
µL DTT (100 mM) and 20 U RNase inhibiter, for 60 min at 42°C. The reaction was stopped 
by adding 2 µL 0.5 M NaOH and 2 µL 10 mM EDTA, followed by incubation for 10 min at 
70°C. The cDNA targets were purified by use of AutoSeq G-50 columns according to 
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manufacturer’s instructions (Amersham Biosciences). Each filter array was pre-hybridized in 
20 mL hybridization mixture (1 M NaCl, 1% (w/v) SDS, 10% (w/v) dextrane sulphate, 10 
mM Tris-HCl pH 7.5) with 200 µL denaturated haring sperm (10 mg/mL) for 60 min at 65°C, 
followed by adding the cDNA targets to the mixture and the hybridization was carried out 
overnight at 65°C. After hybridizing, the filter arrays were sequentially washed in the 
following solutions: 2x SSC with 1% (w/v) SDS for 15 min at 65°C (three times), 0.1x SSC 
with 0.5% (w/v) SDS for 15 min (twice), and rinsed with 2x SSC, followed by wrapping in 
Saran Wrap and then directly exposed to storage phosphor screens (Eastman Kodak 
Company, Rochester, NJ). After 14 days, the screens were scanned with a Molecular Imager 
FX-PRO Plus (Bio-Rad Laboratories, Hercules, CA) with a resolution of 50 µm and the 
images were saved as TIFF files. 
Data analyses
Identification and quantification of all signals were carried out with AIS software 
(Imaging Research, St. Catherines, Ontario, Canada). A pre-defined grid was adjusted 
manually for optimal spot recognition, followed by quantification of each spot. Intensity data 
was exported to Microsoft Excel (Microsoft, Redmond, WA) and with a macro function re-
arranged, background subtracted, intensity values of duplicated spots were averaged, and 
intensity values twice above the standard deviation of the background were used in further 
analyses. Intensity values were log2 transformed and technical duplicates were compared. 
Subsequently, log2 intensity values of the technical duplicates were averaged. Global 
normalization was performed to normalize all the filter arrays with the average log2 intensity 
value of all arrays together. All of the processed data was then subjected to GeneMaths 
software (Applied Maths BVBA, Sint-Martens-Latem, Belgium) to perform cluster analyses. 
The data matrix was standardized by first subtracting the mean value and followed by 
dividing with the standard deviation. Clustering was performed with Pearson correlation 
coefficient and UPGMA algorithm on the rows (genes).   
RNA gel blot analyses 
Total RNA was isolated from frozen pistil/silique material of Arabidopsis according to 
Verwoerd et al. (1989). Independently grown plants were used for the sampling of material 
for the macroarray and the Northern hybridizations. Five micrograms of each RNA sample 
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was denaturated by 1.5 M glyoxal and DMSO, and separated on a 1.2% agarose gel in 15 mM 
Na-phosphate buffer pH 6.5. RNA was transferred to a Hybond-N+ membrane (Amersham 
Pharmacia Biotech) in 25 mM Na-phophate buffer pH 6.5. The membrane was fixed after 
transfer by backing for 2 h at 80°C. Probes were labeled with the RadPrime DNA Labeling 
System (Invitrogen) and pre-hybridization and hybridization was performed in the same way 
as the filter arrays described above. To avoid cross-hybridization with other family members, 
the conserved domains were removed from the clones used as probe. The following primers 
were used for probe amplification: CBF1/DREB1B (At4g25490), 5’-
GCATGTCTCAACTTCGCTGA-3’ and 5’-AAAGCGACACGTCACCATCT-3’; STK
(At4g09960), 5’-TCAATGCCGCGTACTATCAA-3’ and 5’-CCAGATCCAG-
AACCAGCAGT-3’; LEC1 (At1g21970), 5’-CCAACGTGAGCAACGTAAGA-3’ and 5’-
GAAGAGCCACCACCAACACT-3’; AGL87 (At1g22590), 5’-CTCTGGCCAA-
ACCTTAACGA-3’ and 5’-GATGATTGGTGCTCCTGCTT-3’; AP2_77 (At1g75490), 5’-
GCTGCCTTGGCTTATGACTC-3’ and 5’-CAAAGTGGGGAATGAAAGGA-3’; NAC_81
(At1g77450), 5’-CGTGCAGCTGGTACTGGATA-3’ and 5’-GCCGTGACACAAT-
CTCGTTA-3’; and AG (At4g18960), 5’-GGGTCAATGTCTCCCAAAGA-3’ and 5’-
CTAACTGGAGAGCGGTTTGG-3’. After hybridizing, the blots were sequentially washed 
in the following solutions: rinsed with 2x SSC at RT, 2x SSC with 1% (w/v) SDS for 20 min 
at 65°C, and 0.1x SSC with 0.5% (w/v) SDS for 20 min. Blots were analyzed in the same way 
as the filter arrays described above, but the blots were exposed for 9 days to the storage 
phosphor screens, although expression was already visible after one to two days.
Clearings and microscopy 
Ovules and various embryo stages from developing siliques were analyzed by clearing 
in Hoyer’s solution (7.5 g gum arabic, 100 g chloral hydrate, 5 ml glycerol, and 60 ml water) 
(Liu and Meinke, 1998). Cleared samples were observed with a Nikon Optiphot microscope 
equipped with Normarski optics and a Microflex HFX-II camera system.  
RESULTS AND DISCUSSION 
High-density filter arrays 
Expression patterns from Arabidopsis genes can be analyzed using whole genome 
arrays (Zik and Irish, 2003; Hennig et al., 2004; Wellmer et al., 2004). We have chosen for a 
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dedicated array that contains only clones derived from putative transcription factor (TF) 
genes. An effort to clone nearly all TF genes from Arabidopsis was made by the REGIA 
consortium (Paz-Ares and The REGIA Consortium, 2002). These TF clones were spotted 
generating a high-density filter array, which finally contained over 1100 unique known and 
putative TFs of Arabidopsis. A detailed description of the identity of the TFs and the strategy 
used for the construction of the filter arrays are described in Methods and Supplementary 
data. Figure 1 shows the distribution of the TFs over the different families that are present on 
the filter array and illustrates that each major TF family is represented.  
Figure 1. Overview of the Arabidopsis TF families that are present on the high-density filter array. The number 
of TF family members is indicated.  
Among them are the large TF families like MYB, AP2/ERF (APETALA2/ethylene response 
factor), MADS, NAC, bHLH (basic helix-loop-helix), HD (homeobox domain), and bZIP 
families. Furthermore, the array contains many members of families that consist of zinc-
coordinating elements like C2H2, C3HC4, WRKY, Dof, CONS (CONSTANS-like), GATA, 
GT (trihelix DNA binding proteins), MYND (CHP-rich zinc-finger proteins), SRS (SHI
Related Sequence), CSD (Cold Shock Domain, glycine-rich proteins), and YABBY family. 
Smaller TF families that are present are ABI3/ARF, SCR (SCARECROW-like, belonging to 
the GRAS family), TCP, TAF (TBP-associated factors), SBP (SQUAMOSA-promoter binding 
proteins), HSF (heat shock factors), APRR1/TOC1 family (pseudo response regulators) and 
NFY_A/B/C (CCAAT-binding) family. Other transcriptional regulators included are 
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Aux/IAA proteins, PcG (polycomb group), and HMG-box (high mobility group) proteins. 
Besides the categorized TF families, also orphan TFs that do not fit in a certain family and are 
unique on their own, for instance LEAFY, are included. It has been estimated that the 
Arabidopsis genome consists of ~1500 genes encoding putative transcription factors 
(Arabidopsis Genome Initiative, 2000; Riechmann et al., 2000). Based on this number our 
array comprises about 75% of all Arabidopsis transcription factor clones. Furthermore, our 
array contains almost 200 TF genes that are not represented on the recently widely used 
Arabidopsis Affymetrix GeneChip ATH1 (Affymetrix, Santa Clara, CA). Besides TF 
clones, a number of additional genes involved in secondary metabolism, like flavonoid and 
lignin biosynthesis was spotted onto the filter array.
Developmental stages of targets 
The expression profiles of these TFs were studied during Arabidopsis silique 
development, from a non-pollinated pistil until a mature silique filled with seeds. The 
different developmental stages that were used to prepare the target cDNA are: mature pistils 
just before pollination (0 DAP), siliques 4 DAP with globular to early heart shaped embryos, 
8 DAP siliques with embryos at torpedo to early bended cotyledon stage, siliques 12 DAP 
when the embryos reach maturity, and 16 DAP siliques containing mature seeds. The final 
phase of silique maturation, which is characterized by senescence and desiccation, is not 
included in this study, because mRNA is already partially degraded. To be able to distinguish 
between the expression in developing seeds or in the fruit wall part, we included a 
parthenocarpic mutant, called empty siliques (Marsch-Martinez et al., 2002), in our analysis. 
This mutant has an activated cytochrome P450 gene, CYP78A9 that causes a smaller seedless 
silique (Ito and Meyerowitz, 2000). The morphology of the siliques and the different 
developmental stages of embryo development are depicted in Figure 2. Because the empty 
silique mutant is in the Ws-3 ecotype we cannot exclude that small differences in expression 
patterns are caused by the difference in genetic background.
Analysis of gene expression profiles 
The filter arrays were hybridized with 33P-labeled target cDNA in duplo and the 
obtained hybridization signals were quantified. Supplement 1 shows two representative 
examples of filter arrays hybridized with target cDNA derived from two different stages of  
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Figure 2. Overview of pistil and silique 
stages used for cDNA target 
preparation (A, B), and clearings of 
developing ovules and seeds that show 
the developmental stage (C-K). (A) 
Pistil and silique stages used to make 
cDNA of, from left to right, a closed 
flower bud shown as size indicator, 
followed by a of pistil 0 DAP, 4 DAP, 
8 DAP, 12 DAP, 16 DAP (days after 
pollination), and the parthenocarpic 
mutant, empty siliques. (B) 0 DAP 
pistil, (C) 0 DAP ovule, (D, E) 4 DAP, 
(F, G) 8 DAP, (H, I) 12 DAP, (J) 16 
DAP, and (K) parthenocarpic mutant, 
empty siliques.    
silique development. These non-normalized hybridization signals revealed already clear 
differences in gene expression patterns. Expression levels of all 1304 genes, including over 
1100 unique Arabidopsis TF clones were determined in siliques of different developmental 
stages. The corrected and normalized expression data set (Supplement 2) was used for 
hierarchical clustering (Figure 3). The reproducibility of the data set is illustrated in 
Supplement 3 by coefficient of variation (cv) values and by scatter plots of intensity values of 
the technical duplicates, which show for the different target stages nearly 45 degrees straight 
lines. It should be mentioned that low intensity values have a higher cv than higher intensity 
values and in general the cv value is higher compared to an Affymetrix GeneChip
experiment (data not shown). The majority of the analyzed TF clones showed a differential 
expression pattern in the developmental stages studied, although still a small number of TF 
clones did not give any detectable expression above background. Interestingly, the cluster 
analyses depicted in Figure 3 reveals clusters of genes with comparable expression profiles 
during the development of an Arabidopsis fruit. These clusters of co-regulated TFs were 
classified according to the developmental process that is associated with the stage in which 
the highest expression levels were obtained. These different groups, which are indicated with
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Figure 3. Expression profile matrix of TF 
genes during silique development, made 
by hierarchical clustering. The target 
stages used for hybridizations are 
indicated above the cluster analyses as 0, 
4, 8, 12, 16 DAP (days after pollination) 
and the parthenocarpic mutant, empty 
siliques (es). On the left side of the cluster 
analyses the cluster dendogram is shown. 
Co-regulated TFs are classified as 
belonging to a certain developmental 
process, namely pistil development 
(group I), embryogenesis (group II-a and 
II-b), seed maturation (group III), fruit 
maturation (group IV), and fruit 
development (group V), these classes are 
indicated with a highlighted box. The 
colored bar below the cluster analyses 
indicates the color scale of the log2
expression values, with green as indicator 
for low gene expression and red as 
indicator for high gene expression (no 
ratio visualized). The TFs that were not 
detectable are indicated with a black box 
(below group IV).  
a highlighted box in Figure 3 (see Supplements 4 and 5 for detailed cluster data) are: pistil 
development, embryogenesis, seed maturation, fruit maturation, and fruit development. 
Chapter 3
68
The first group, ‘pistil development’, contains approximately 80 genes with the 
highest expression at the 0 DAP stage (non-pollinated pistil), followed by a rapid decrease in 
expression during fruit development. Among these are 10 Dof family members, 8 MADS, 7 
AP2/ERF, 7 MYB, and 6 NFY. Other TF families are represented with fewer genes. One of 
the genes in this group is CURLY LEAF (CLF), which is a member of the polycomb group 
and known to be expressed in carpels and ovules (Goodrich et al., 1997). Another TF gene 
present in this group is INNER NO OUTER (INO), a member of the YABBY family that is 
essential for ovule integument development and not involved in silique and seed development 
(Baker et al., 1997). Other examples of carpel expressed TF genes in this group are 
FILAMENTOUS FLOWER (FIL) and YABBY3 (YAB3), which are also members of the 
YABBY family (Sawa et al., 1999; Siegfried et al., 1999).
The second group is divided into two sub-groups. Group II-a, the ‘early 
embryogenesis’ group contains about 70 genes with a high expression predominantly at the 4 
and 8 DAP stages. During these stages the embryo develops from a globular to a torpedo 
shaped embryo. Among the TF genes in this group are 18 MYB family members, 7 AP2/ERF, 
6 MADS, 5 bHLH. A TF gene in this group is the MADS-box gene SEEDSTICK (STK),
which is involved in ovule development (Rounsley et al., 1995; Favaro et al., 2003; Pinyopich 
et al., 2003). However, both the macroarray results and the Northern blot hybridization 
(Figure 4) reveal that STK is also expressed after fertilization in the developing silique. This 
increase of expression at the early embryogenesis stages is consistent with the upregulation of 
the MADS-box genes FBP7 and FBP11 from petunia, which are the orthologues of STK
(Colombo et al., 1997). Other TF genes in this group are TRANSPARENT TESTA 1 (TT1), a 
member of the FC2H2 (Zn) family, and TRANSPARENT TESTA 8 (TT8), a member of the 
bHLH family. Both genes are expressed during seed development and are involved in the 
flavonoid biosynthesis pathway active in the seed coat (Shirley et al., 1995; Nesi et al., 2000; 
Sagasser et al., 2002).
The second ‘embryogenesis’ group (II-b), contains almost 200 genes with the highest 
expression at the 8 and 12 DAP stages. The embryos develop during these stages from a 
torpedo shaped embryo into a bended cotyledon shaped embryo. Previously reported TF 
genes represented in this group and all involved in embryo development are LEAFY
COTYLEDON 1 (LEC1), a member of the NFY_B family (West et al., 1994) and LEAFY 
COTYLEDON 2 (LEC2) and FUSCA3 (FUS3), both members of the ABI3_ARF family 
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(Meinke et al., 1994). More examples of embryo expressed TF genes in this group are 
PHERES1 (PHE1), (Köhler et al., 2003) CUP-SHAPED COTYLEDON1 and 2 (CUC1 and
CUC2) (Aida et al., 1999; Takada et al., 2001), and GLABRA2 (GL2) (Lin and Schiefelbein, 
2001).
The third and fourth group, referred to as ‘seed maturation’ and ‘fruit maturation’ 
class, respectively, are both relatively small. The ‘seed maturation’ class contains about 40 
genes with the highest expression at the 16 DAP stage. In this stage, both the seeds and the 
fruit are mature. TF genes represented in this group are 10 AP2/ERF, 10 NAC, and 5 WRKY 
family members. Together with the second group, the third group represents seed specific 
genes, because they are expressed during wild type silique development, but silent in the 
empty silique mutant. 
The fourth group, ‘fruit maturation’ class, contains 15 genes with the highest 
expression both at the 16 DAP stage and in the parthenocarpic empty siliques mutant.  
The fifth group is designated ‘fruit-related’ genes and contains ~85 genes. They are all 
highly expressed in the empty silique mutant and at the 0 DAP stage, followed by a decrease 
in gene expression during the development of the silique. Although the genes in this group are 
fruit-abundant, it cannot be excluded that some genes are also expressed in developing seeds. 
A well-characterized TF gene in this group is AGAMOUS (AG), a MADS-box gene that is 
involved in specifying the identity of the carpel and the ovule (Yanofsky et al., 1990). The 
expression of AG diminished in developing ovules when the integuments appear, while the 
AG expression in the rest of the pistil remains during all stages of development (Modrusan et 
al., 1994). Another TF gene in this group is ETTIN (ETT/ARF3), an ABI3_ARF family 
member that has been shown to be involved in gynoecium development (Sessions et al., 
1997). Other examples of reported silique expressed TF genes in this group are 
TRANSPARENT TESTA GLABRA1 (TTG1) (Walker et al., 1999), SUPERMAN (SUP) (Sakai 
et al., 1995), REPRESSOR OF GA1-3 (RGA1) (Silverstone et al., 1998), GT2 and 
GTL1/GTL2 (Smalle et al., 1998), and MYB family members MYB3, MYB4, and MYB5 
(Kranz et al., 1998).
Besides the TF genes belonging to the groups described above, there are many TF 
genes that follow nicely their reported expression pattern, but they do not group in the six 
clusters. Detailed expression and cluster data are given in the supplements.  
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Data validation
Comparison of previously reported expression data and our expression profiling 
revealed that for many TF genes both data sets overlap. However, it is important to verify the 
obtained macroarray data by an alternative approach using exactly the same stages as were 
used for the macroarray experiments. Therefore, we performed Northern blot analyses from 
different biological samples as used for the macroarray (Figure 4). For each categorized group 
of clustered genes a TF was chosen as example to validate the expression profiles. RNA 
expression was analyzed for CBF1/DREB1B of the AP2/ERF family (group I), STK of the 
MADS-box family (group II-a), LEC1 of the NFY_B family (group II-b), AGL87 of the 
MADS-box family (group II-b), a member of the AP2/ERF family, AP2_77 (group III), a 
member of the NAC family, NAC_81 (group IV), and AG of the MADS-box family (group 
V). Each RNA expression pattern of the TF gene was compared with the expression profile of 
the group to which it belongs based on the filter array data. Although the absolute expression 
levels may differ slightly between Northern hybridization and array data, there is a high 
consistency between both expression analysis results (Figure 4). This indicates that the array 
data are reliable and represents useful expression profiles of nearly all TF genes from 
Arabidopsis. Very recently, Arabidopsis Affymetrix GeneChip data became available from 
the AtGenExpress, ftp://ftp.arabidopsis.org/home/tair/Microarrays/Datasets/AtGenExpress/.
This data set contains a few comparable tissues, which allow a comparison although the 
developmental stages could be different. To compare our expression data from the selected 
TF genes that were used for the Northern analysis, we used the novel software tool called 
Genevestigator, https://www.genevestigator.ethz.ch, which allows access to all available 
Affymetrix GeneChip data. The expression profiles from the selected TF genes of each 
categorized group perfectly matched with the Affymetrix GeneChip data, which further 
supports the reliability of our data.  
Expression profiles of the MADS family members 
A well-documented TF family involved in plant development is the MADS-box 
family. The Arabidopsis genome counts for 107 genes belonging to this family and the filter 
array contains 88 members (Parenicová et al., 2003). Phylogenetic studies revealed that the 
MADS-box family is divided in two major lineages, type-I and type-II (Alvarez Buylla et al., 
2000b). Recently, a more detailed phylogenetic study was performed, because more sequence  
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Figure 4. Validation of the TF expression profiles of 
the filter arrays by Northern blot analyses. RNA 
expression was analyzed for CBF1/DREB1B of the 
AP2/ERF family (group I), STK of the MADS family 
(group II-a), LEC1 of the NFY_B family (group II-b), 
AGL87 of the MADS family (group II-b), AP2_77 of 
the AP2/ERF family (group III), NAC_81 of the NAC 
family (group IV), and AG of the MADS-box family 
(group V). In the left panel the filter array data is 
shown of the expression of all the TFs belonging to 
each classified group and in the right panel the 
Northern blot results of one TF belonging to each 
group. RNA loading is shown below the Northern blots 
by an ethidiumbromide stained gel picture. The target 
stages used for hybridizations are indicated above the 
figures as 0, 4, 8, 12, 16 DAP (days after pollination) 
and the parthenocarpic mutant, empty siliques (es).  
information became available. This analysis 
resulted in a further division of the type-I in 
MD, ME, MJ, and the type-II sub-family in 
MG and MIKC (Parenicová et al., 2003). The 
best-studied plant MADS-box TFs are those 
involved in meristem and floral organ identity 
determination. In the early 90s the ABC 
model was postulated that explained the 
formation of the floral organs by the 
overlapping activities of three classes of 
genes: A-class genes [AP1, APETALA1 and 
AP2, APETALA2], B-class genes [AP3,
APETALA3 and PI, PISTILLATA], and C-
class genes [AG, AGAMOUS] (Coen and 
Meyerowitz, 1991). Recently, the three 
SEPALLATA (SEP) genes were added to this 
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model and they function in combination with the B -and C-class genes to specify petals, 
stamens, and carpels (Pelaz et al., 2000; Honma and Goto, 2001). Besides floral development, 
MADS-box genes are also involved in fruit development, like the SHATTERPROOF genes 
(SHP1/SHP2) that are necessary for the formation of the dehiscense zone, and FRUITFULL
(FUL), which functions as negative regulator of the SHP genes in the valves (Gu et al., 1998; 
Ferrandiz et al., 2000a; Liljegren et al., 2000).  
We compared the expression data from all MADS-box genes during silique 
development in relation to their phylogenetic distribution (Figure 5), according to Parenicová 
et al. (2003). An interesting finding is that the expression of a majority of the 88 MADS-box 
TF genes that are on the filter array is detectable in any of the developmental stages analyzed, 
although some of them are very weakly expressed. Even many members of the type-I sub-
family, which transcripts are thought to be low abundant, showed hybridizing signals on the 
array. Information about expression and function of these type-I MADS-box genes is very 
limited. Parenicová et al. (2003) reported RT-PCR data from only a few tissues, which 
suggested that many members are expressed in siliques. Also the recently available database 
of Arabidopsis Affymetrix GeneChip expression profiles 
(https://www.genevestigator.ethz.ch) reveals that these type-I MADS-box genes are 
predominantly expressed in the reproductive organs and silique. In particular, MJ-genes but 
also members of the MĮ-group reveal expression in one or a few stages during silique 
development, while the expression in pistil and fruit was below detection level. This indicates 
that these genes are most likely involved in processes occurring at specific stages during seed 
and embryo development. Unfortunately, functional information about these genes is missing 
that could support the hypothesis that many type-I MADS-box genes are preferentially 
involved in reproductive processes. Only functional information became available from a 
member of the MJ-group, PHERES1, which appeared to be a direct target of the polycomb 
protein MEDEA, which is a major regulator of seed development (Köhler et al., 2003). In the 
same MJ-group, AGL87 is relatively strong expressed; specifically at the 8 DAP stage, which 
was also confirmed by Northern blot analysis (Figure 4). At this stage, the embryo has 
developed up to the torpedo stage, suggesting a specific role for AGL87 during embryo 
development. Some members of the ME-group, such as AGL51, AGL52, AGL53, AGL54, and 
AGL76 show a high expression at the 0 DAP stage, which is the not-pollinated pistil. This 
may suggest that these genes play a role in pistil formation and/or ovule development and that  
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Figure 5. Expression of MADS-box TFs during silique development in relation to their phylogenetic 
distribution. The expression (log2 values) of the MADS-box TFs is visualized with green as low expression and 
red as high expression (no ratio visualized). The target stages are indicated above the phylogenetic distribution as 
0, 4, 8, 12, 16 DAP (days after pollination) and the parthenocarpic mutant, empty siliques (es). On the right side 
the clone ID, AGI number, and the TF name is indicated. On the left side the phylogenetic distribution of the 
complete MADS-box family is shown, based on their amino acid sequences that were used for Bayesian 
phylogenetic analysis, described before by Parenicová et al. (2003).  
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they are down-regulated upon fertilization. In contrast, the Mȕ-type gene AGL47 appears to 
be also expressed in the developing silique and is highly expressed at the 16 DAP stage when 
the seeds are almost mature. However, this gene is also expressed in the parthenocarpic fruit 
(empty siliques, in Figure 5), suggesting that the gene is involved in fruit developing and/or 
maturation. A MADS-box gene that could be involved in seed maturation is AGL67 of the 
MG-group, which is predominantly expressed at the late silique stages and absent in the fruits 
of the parthenocarpic mutant. A gene that appears to be expressed at high levels throughout 
silique development is the MD-type AGL60. AGL60 transcripts are abundant in non-pollinated 
pistils and remains expressed during embryogenesis and in the fruit walls.
The MIKC-group contains the well-studied MADS-box TF genes. The array 
expression data from this group presented here confirms the previously reported expression 
patterns. The relative high expression levels during silique development observed for many of 
the MIKC-genes reflect their functions in ovule, embryo, carpel, and fruit development. 
Highly expressed TF genes are the SHP genes, FUL, and the SEP genes, all playing a role in 
pistil and fruit development (Gu et al., 1998; Liljegren et al., 2000; Pelaz et al., 2000). A gene 
that was reported as preferentially expressed in developing embryos is AGL15 (Heck et al., 
1995; Rounsley et al., 1995), which is abundant in an 8 DAP embryo and absent in the rest of 
the fruit. Similarly, AGL18 that was shown to be expressed in the embryo (Alvarez Buylla et 
al., 2000a), is also expressed in the developing embryo in our filter array hybridization 
experiment.   
A known phenomenon observed frequently with large TF families is redundancy. 
During evolution, genes were duplicated and the copies retained (partly) their overlapping 
function. An illustrative example of redundancy among MADS-box TF genes is the SHP
couple that only results in a mutant fruit phenotype when they are both disrupted (Liljegren et 
al., 2000). The same holds for the three SEP genes, which have overlapping functions in 
specifying floral organ identity (Pelaz et al., 2000). A consequence of redundancy among 
paralogous genes is that they have the same expression pattern in the tissues or organs where 
they have their overlapping function. This is very obvious for the SHP and the SEP genes 
(Figure 5). The AP1, CAULIFLOWER (CAL), and FUL genes, which are redundant in 
specifying the floral meristem, are diverged in function at later developmental stages 
(Ferrandiz et al., 2000b) and hence do not reveal an overlapping expression pattern during 
fruit development. When analyzing the expression profiles of the type-I MADS-box genes 
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these paralogues are not always clearly apparent. AGL51 and AGL52, two members of the 
Mȕ-group are very similar in sequence and share comparable expression profiles, indicating 
that these genes are recent paralogues. In contrast, AGL75 and AGL76 from the same Mȕ-
group have completely distinct expression patterns, suggesting that these genes are not 
functionally redundant. It has been speculated by (Parenicová et al., 2003) that the level of 
redundancy between the type-I MADS-box genes is higher than for the MIKC-type, which 
could explain the low number of mutant phenotypes for the type-I genes. However, the 
expression profile reported here, does not provide supportive evidence for this hypothesis, 
because sets of genes with overlapping expression profiles are rare.   
Many TF genes involved in flowering time have been described and some major 
regulators belong to the MADS-box family. A key player in the vernalization pathway in 
Arabidopsis is the MADS-box gene FLOWERING LOCUS C (FLC), which is a repressor of 
flowering (Michaels and Amasino, 1999). Genes highly related in sequence to FLC are the 
MADS AFFECTING FLOWERING genes (MAF1 to MAF5), which are also MADS-box TF 
genes (Figure 5) (Ratcliffe et al., 2003). A function as floral repressor has been reported for 
MAF1/FLM and MAF2 (Ratcliffe et al., 2001; Scortecci et al., 2001; Ratcliffe et al., 2003). 
Overexpression of MAF3 and MAF4 results in a delay of flowering, which suggests that these 
genes act also as floral repressors. In contrast, MAF5 is up-regulated by vernalization, 
indicating that MAF5 plays an opposite role as FLC (Ratcliffe et al., 2003). With respect to 
their expression, floral repressor genes are expected to be expressed during the vegetative 
phase of the plant. Surprisingly, some of these flowering TF genes, such as MAF1 and MAF2,
are expressed substantially during silique development. Others, such as SHORT
VEGETATIVE PHASE (SVP) (Hartmann et al., 2000), FLC, MAF4, and MAF5 are expressed 
at relative low levels. Although it is not known what function these flowering suppressors 
have during silique development, they may be required to prevent precocious flowering at the 
embryo stage.  
The MADS-box genes described above and represented on the Affymetrix 
GeneChip were compared and in general comparable expression profiles were obtained 
except for AP1. In our experiments we obtained relative high expression levels in pistil and 
during silique development, while in situ hybridization experiments reported by Gustafson-
Brown et al. (1994) and the Affymetrix results revealed hardly any AP1 expression in these 
tissues. The reason for this discrepancy remains unclear. Some minor differences, particular 
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in expression levels were also apparent. For instance, AGL51 is highly expressed in the seed 
and embryo according to the Affymetrix data, while our results indicate that this gene is 
mainly expressed in the pistil and is down-regulated during silique formation. These small 
differences could be due to changes in developmental stages or technical procedures, however 
most of our data is in line with the Affymetrix GeneChip data.
CONCLUSIONS  
The last phase in flower development of angiosperms is fertilization of the ovules and 
formation of the fruits, which are both biologically and economically of importance. Here we 
reported the expression profiles of over 1100 unique Arabidopsis genes coding for known and 
putative transcription factors (TFs) during silique development using high-density filter array 
hybridizations. This data set is complementary to expression profiles previously reported for 
flowers and floral organs (Zik and Irish, 2003; Hennig et al., 2004; Wellmer et al., 2004) and 
their expression patterns give clues on their involvement in specific developmental programs. 
Also the recently available data set from the AtGenExpress became available 
(ftp://ftp.arabidopsis.org/home/tair/Microarrays/Datasets/AtGenExpress/), but this data set 
lacks the series of developmental stages from pistil to siliques as reported here. 
A surprising observation in this study was that most transcripts of the TF genes could 
be detected. This observation is in contrast to the general assumption that, because of their 
regulatory nature, genes encoding TFs are generally expressed at low levels (Riechmann, 
2002). A similar high percentage of expressed TF genes was also reported by Chen and co-
workers (2002), who studied TFs in response to environmental stresses, by Jiao and co-
workers (2003), who studied blue-light regulation of TF gene expression during seedling 
development, and by Hennig and co-workers (2004), who studied transcriptional programs 
during early reproductive development. An explanation for this finding could be the diversity 
of tissues, cell types, and processes that takes place during silique development. It 
encompasses cell identity specification, differentiation, fertilization, growth, embryogenesis, 
senescence etc, which requires the entire repertoire of transcriptional regulation present in a 
plant genome.  
The cluster analyses revealed distinct expression profiles for the different silique 
developmental stages. This allowed a functional classification of these expression profiles in 
groups, namely pistil development (group I), embryogenesis (group II-a and II-b), seed 
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maturation (group III), fruit maturation (group IV), and fruit development (group V). The 
array data and the classification could be confirmed by many examples in literature describing 
the expression profiles and roles of TF genes during silique and embryo development and by 
comparing Affymetrix GeneChip data.
Although the classification gave a clue on the involvement of a TF gene in a certain 
process, it was not possible to associate all TF genes to a developmental program. A part was 
solved by using the parthenocarpic mutant, empty siliques, which only reveals the expression 
of TF genes in the fruit and not in seeds. Nevertheless, it remains difficult to determine the 
precise spatial expression pattern in siliques by array analysis, due to the complexity of 
tissues present in the Arabidopsis fruit. Recent advances in dissecting specific cell types will 
allow a more defined expression profiling at the tissue and cellular level. Examples of these 
advances are the relative new technique of laser capture microdissection (LCM) (Kerk et al., 
2003; Schnable et al., 2004) and reporter-driven cell specific selection as reported for root 
cells (Birnbaum et al., 2003). Besides microarray analysis, large-scale expression analysis by 
real-time RT-PCR as recently reported for almost all Arabidopsis TF genes in roots and 
shoots (Czechowski et al., 2004), may provide another powerful method for quantitative 
expression profiling.
A global view and understanding of transcriptional regulation by TFs not only requires 
the characterization of the transcriptome, but also information about the localization of the 
proteins involved as well as their interactions. To combine these data will be a major 
challenge for the future, but a prerequisite for a full understanding of TF functioning.
SUPPLEMENTARY DATA: 
Supplemental data 1. Two representative examples of hybridized filter arrays.  
Supplemental data 2. Raw intensity data set.  
Supplemental data 3. Reproducibility of the data set.
Supplemental data 4. Corrected and normalized data set.  
Supplemental data 5. Detailed expression profile matrix.   
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ABSTRACT
Interactions between proteins are essential for their functioning and the biological 
processes they control. The elucidation of interaction maps based on yeast studies is a first 
step towards the understanding of molecular networks and provides a framework of proteins 
that possess the capacity and specificity to interact. Here, we present a comprehensive plant 
protein-protein interactome map of nearly all members of the Arabidopsis thaliana MADS 
box transcription factor family. A matrix-based yeast two-hybrid screen of >100 members of 
this family revealed a collection of specific heterodimers and a few homodimers. Clustering 
of proteins with similar interaction patterns pinpoints proteins involved in the same 
developmental program and provides valuable information about the participation of 
uncharacterized proteins in these programs. Furthermore, a model is proposed that integrates 
the floral induction and floral organ formation networks based on the interactions between the 
proteins involved. Heterodimers between flower induction and floral organ identity proteins 
were observed, which point to (auto)regulatory mechanisms that prevent the activity of flower 
induction proteins in the flower.
INTRODUCTION
Biological processes are executed by proteins that, to a large extent, depend on 
interactions with other proteins for their activity. These interactions are specific, even among 
members of a particular protein family that contain similar interaction domains, and are often 
maintained during evolution. Studying these specific interactions reveals networks of 
molecules that may lead to potential functional linkages and molecular explanations of 
biological processes in an organism. These networks are complex, highly dynamic in place 
and time, and far from understood. The elucidation of interaction maps based on in vitro or 
yeast studies is a first step toward the understanding of molecular networks and provides a 
framework of proteins that possess the capacity and specificity to interact. 
Many recent reports have presented large-scale interaction network maps from 
Saccharomyces cerevisiae (Uetz et al., 2000; Ito et al., 2001), Caenorhabditis elegans 
(Walhout et al., 2000), Drosophila melanogaster (Giot et al., 2003), Mus musculus (Suzuki et 
al., 2001) and humans (Lehner and Fraser, 2004) using yeast two-hybrid assays or affinity 
purification followed by mass spectrometry (Link et al., 1999; Gavin et al., 2002; Ho et al., 
2002). Surprisingly, comparable data sets from yeast, for example, revealed hardly any 
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overlap in interactions, suggesting that each approach provides a subset of the interactome 
(von Mering et al., 2002; Bader et al., 2004). Furthermore, these reports demonstrated that 
two-hybrid data are reliable when several validation criteria are used. Information about 
interactions of orthologous proteins in other species is informative and may help in validating 
the interaction data. The conservation of these so-called interologs has been revealed between 
yeast and bacteria (Kelley et al., 2003) but also between different plant species (Favaro et al., 
2002). Previously, we have demonstrated that many interactions between MADS domain 
proteins are conserved between Arabidopsis thaliana, rice (Oryza sativa), petunia (Petunia
hybrida) and Antirrhinum majus (Immink and Angenent, 2002). Another criterion for the 
validation of the interaction data is the colocalization of the interacting proteins in a particular 
cell. Several studies reported the coevolution of expression of interacting proteins and their 
ability to physically interact (Ge et al., 2001; Immink et al., 2002; Fraser et al., 2004). This 
provides a tool to validate interaction data but can also be useful to predict novel protein-
protein interactions. Furthermore, other functional genomic or genetic data, such as mutants, 
may provide additional evidence for the in vivo existence of a particular interaction. 
 By zooming in on a particular group of proteins that is known from previous studies 
to be enriched for interactions, insight into individual pathways can be obtained. Transcription 
factors are an interesting class of proteins in this respect. Dimerization of transcription factor 
proteins increases the selectivity of protein-DNA interactions and creates a large number of 
diverse DNA binding complexes from a relatively small number of proteins. The gene family 
encoding MADS domain transcription factors in plants encompasses a relatively large family 
with 107 members in the Arabidopsis genome (PaĜenicová et al., 2003). They are further 
subdivided into two groups: the class II MADS box proteins comprising the MIKC and Mį
types, and the class I proteins that is further subdivided into the MĮ, Mȕ, and MȖ types 
(Alvarez-Buylla et al., 2000a; PaĜenicová et al., 2003). A wealth of genetic and functional 
information is available from the MIKC group, whereas the type I subfamily with ~60 
members represents a virtually unknown group of transcription factors. Many MIKC proteins 
are active in a combinatorial manner to specify the identity of organs (Coen and Meyerowitz, 
1991). Recent genetic and yeast two- and three-hybrid studies revealed that these MADS box 
proteins are able to form multimeric complexes (Honma and Goto, 2001) and as hypothesized 
in the quartet-model as tetrameric complexes (Theissen and Saedler, 2001). These higher-
order complexes are supposed to be composed of two dimers that interact at the C-termini 
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(Egea-Cortines et al., 1999). Nevertheless, information about MADS protein interactions is 
limited for Arabidopsis and lacks any data on the type I proteins. Besides Arabidopsis, MADS 
dimerization patterns have been reported for several species, including petunia, rice, 
Chrysanthemum Dendrathema grandiflorum, and Antirrhinum (Immink et al., 2003; Favaro 
et al., 2002; Shchennikova et al., 2004; Davies et al., 1996; Egea-Cortines et al., 1999), which 
provided data for comparative studies and revealed interactions between orthologous proteins.
Here we report a comprehensive plant interactome map of nearly all members of the 
Arabidopsis MADS box family. It reveals interactions between type I, type II, and between 
the two types of proteins. Combined with phylogenetic analysis, it sheds light on evolutionary 
aspects of this protein family. Clustering of proteins based on their interaction pattern 
pinpoints proteins involved in the same developmental program and provides evidence for the 
participation of uncharacterized proteins in these programs. Finally, we propose a model that 
integrates the network of floral induction proteins with the network of floral organ identity 
proteins, and we predict feedback loops between the two subnetworks.
RESULTS
Comprehensive analysis of MADS box transcription factor dimerization 
Several studies with various plant species have revealed that MADS domain 
transcription factors form specific homodimers and heterodimers. In general, individual 
screens of cDNA expression libraries with the yeast two-hybrid GAL4 system have been used 
for this purpose. These assays are laborious, they result in the identification of a relatively 
high number of false positives, and they are often limited because of autoactivation of yeast 
reporters by the presence of an intrinsic activation domain in the bait protein. Therefore, in 
this study, a matrix-based yeast two-hybrid approach has been followed to identify specific 
dimerization among the members of the Arabidopsis MADS domain transcription factor 
family. The complete data set with all the scores is presented in Supplemental Table 1 online, 
and the interactions are summarized in a matrix in Figure 1 and in Supplemental Table 2 
online.
Remarkably, the MIKC proteins that contain the K-box, a domain specific for type II 
plant MADS box proteins that is presumed to fold into an amphipathic Į-helical structure 
(Riechmann and Meyerowitz, 1997; Alvarez-Buylla et al., 2000a), interact preferably with 
other type II proteins and hardly form dimers with the type I MADS box proteins. However,
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Figure 1. The Arabidopsis MADS box transcription factor interaction matrix. The MADS box transcription 
factors are arranged according to their phylogenetic relationship as has been reported by PaĜenicová et al.
(2003). The phylogenetic trees are indicated on x and y axis with the different groups indicated (MD, ME, MJ,
MG, and MIKC). Protein-protein interactions are represented by red blocks, no interactions by green blocks, and 
interactions that could not be tested by gray blocks. 
there are some exceptions. In particular, there is a preference for interactions with type I 
proteins from the MĮ subclade. Among the type I proteins, most heterodimers are found 
between members of different subclades. Interactions among MĮ proteins are rare, but they 
dimerize preferentially with many proteins of the Mȕ and MȖ clades. Similarly, only a few 
Chapter 4
90
heterodimers are rare. This suggests that the participation of a MĮ protein is a prerequisite for 
a stable dimer consisting of only type I proteins. Although many interactions were observed, a 
relatively large number of MADS domain proteins appeared to have no interactions at all. 
Possibly these proteins interact only with non-MADS box proteins, or alternatively, particular 
interactions are not formed in a yeast two-hybrid assay. For example, the interaction between 
the B-type proteins APETALA3 (AP3) and PISTILLATA (PI) was not found in this screen. 
Previously, these proteins appeared to interact exclusively in a higher-order complex, with 
either SEPALLATA3 (SEP3) or APETALA1 (AP1) (Honma and Goto, 2001), suggesting 
that the additional factors stabilize the AP3-PI dimer. This requirement for stabilizing factors 
to maintain specific dimers could be more general. Homodimerization is another form of 
MADS domain transcription factor interaction that is difficult to detect by yeast two-hybrid 
analysis (Immink et al., 2002), and hence, many homodimers have probably been missed in 
this screening.  
Subsequently, the proteins were clustered based on the obtained interaction patterns, 
which allows the identification of proteins with similar interactions and groups of proteins 
that are highly connected (Figure 2). This analysis gives clues about the involvement of 
proteins in certain developmental programs. It reveals groups of proteins with common 
known functions, but more informatively, also shows clusters containing uncharacterized 
proteins, for which a function can now be predicted, based on their presence in a particular 
interaction cluster.  
Data validation of yeast two-hybrid experiments 
To obtain more insight into the reliability of the data, a comparison was made between 
our interaction data and Arabidopsis MADS domain protein interactions described in the 
literature. In contrast to the wealth of genetic data, virtually nothing is known about molecular 
interactions among members of the Arabidopsis MADS box transcription factor family. In 
Supplemental Table 3 online, an overview of the published interactions is given. Of 16 
previously reported interactions, nine were also found in our study. The majority of the 
remaining seven interactions were only identified between truncated forms of the proteins, 
which provides a possible explanation why we did not detect them in our study with full-
length proteins.
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Figure 2. Interactome map of the Arabidopsis MADS box transcription factor family. Proteins are organized 
based on hierarchical clustering of their protein-protein interaction patterns. Proteins that do not interact in the 
screen are omitted from this figure. Protein-protein interactions are indicated with red blocks and no interactions 
with green blocks. Presence of clustered proteins with a putative similar function are indicated with a colored bar 
on the left and bottom side of the figure: red for embryo, green for root, blue for flowering, and yellow for floral 
organs.  
We also used information on interactions between orthologous MADS domain 
proteins from other species. MADS factors are key regulators of plant development, and 
many of their important roles as developmental selector genes are conserved among various 
plant species, although it has also been suggested that diversification of MADS activity after 
gene duplication may contribute to floral diversity (reviewed in Ferrario et al., 2004a). In line 
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with the evolutionary conservation of MADS box transcription factor functions, the 
interaction patterns for specific MADS box proteins with identical functions, but from 
different species, have proven to be conserved (Favaro et al., 2002; Immink and Angenent, 
2002). To validate the data presented here, the literature was screened for putative interologs 
of the various Arabidopsis MADS box protein combinations. This analysis could be 
performed for the type II proteins only because no interaction with type I proteins have yet 
been reported for any plant species. Figure 3 shows the subset of Arabidopsis MADS box 
protein-protein interactions for which at least one homologous interaction has been found.
Figure 3. Subset of Arabidopsis MADS box 
transcription factor interactions confirmed by 
interologs. Proteins are indicated by ovals and protein 
interactions with lines. The colour of the line 
corresponds with the species for which orthologous 
interactions have been reported (Arabidopsis [At], 
purple; petunia [Ph], orange; A. majus [Am], black; 
rice [Os], green; Gerbera hybrida [Gh], red; tobacco 
[Nt], blue; tomato (Le), grey; maize [Zm], yellow; lily 
[Ll], cyan; chrysanthemum [Cd], pink). The AP3-PI 
heterodimer is included in the figure because many 
interologs have been reported, although the full-length 
Arabidopsis proteins do not interact detectably in 
yeast. The references used to create this subset of 
conserved interactions are presented online (see 
Supplemental Table 4 online).  
An interaction between proteins observed in a yeast two-hybrid assay can only be 
biologically relevant when they are present in the same cell and at the same moment. Hence, 
coexpression of the corresponding genes can be used for the validation of protein interaction 
data, even though the correlation of RNA and protein levels varies for different genes (Gygi et 
al., 1999; Beyer et al., 2004). We used the developmental data set of the AtGenExpress 
project (Schmid et al., 2005) (see Methods) to investigate whether there is a correlation 
between gene expression and protein interaction. In general, genes with similar functions, 
such as the ABC homeotic genes and the SEP genes (Pelaz et al., 2000) or the redundantly 
acting SHATTERPROOF1 (SHP1), SHP2 and SEEDSTICK (STK) (Pinyopich et al., 2003), 
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genes clustered together (see Supplemental Figure 1 online). We asked more specifically how 
often genes are coexpressed in at least one sample using an absolute criterion for expression. 
This comparison revealed that almost 100% of the interacting proteins have an overlap in 
expression pattern of the corresponding genes, which is a prerequisite for a possible in planta 
interaction and relevance in Arabidopsis tissues (Figure 4).   
We next asked whether the expression patterns of interacting pairs were on average 
more similar than those of noninteracting pairs. Although the average Pearson correlation of 
expression levels of interacting genes was only slightly higher than of noninteracting genes, 
the distribution of noninteracting and interacting genes was significantly different. 
Specifically, the interacting pairs included a larger group of genes with more similar 
expression patterns (see Supplemental Figure 2 online), although there was also an excess of 
genes with contrasting expression patterns. A prominent case in this latter group was SHORT 
VEGETATIVE PHASE (SVP), a floral repressor (Hartmann et al., 2000) whose expression 
pattern is negatively correlated with those of SEP1, SEP3, and AP1, all of which play positive 
roles in flowering (Ferrario et al., 2004a). 
The flower induction and flower organ formation subnetworks 
The regulation of flowering time is a complex process in which many environmental 
and internal signals are integrated, finally giving rise to a switch from vegetative to generative 
development at the appropriate time. MADS box transcription factors have shown to play 
pivotal roles in the flowering program and occupy many important positions in the 
hierarchical network (summarized and reviewed in Blazquez, 2000; Simpson and Dean, 
2002). Based on the interaction data obtained in this study, we tried to unravel two 
subnetworks composed of interactions between known MADS box proteins involved in 
flower induction and flower organ formation (Figure 5). The proteins AP1 and FRUITFULL 
(FUL) are present in both subnetworks, which would refer to their early and late function in 
flowering (Mandel et al., 1992; Ferrandiz et al., 2000). However, the most striking 
observation is that many of the floral organ identity proteins, such as AGAMOUS (AG), 
SEP1/2/3 and SHP1/2 proteins, interact not only with positive regulators of flowering, such as 
SUPPRESSOR OF CONSTANS 1 (SOC1) and AGAMOUS-LIKE 24 (AGL24), but also  
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Figure 4. Comparison of expression patterns of genes that encode interacting proteins. The data from the 
AtGenExpress expression atlas are represented such that expression of each gene is normalized across the entire 
data set. The most important groups of tissues are indicated in the top and in detail numbered in the bottom (list 
of all tissues is presented in Supplemental Table 5 online). Blue indicates underexpression, and red 
overexpression relative to the mean, with yellow expression levels that are close to the average for the 
corresponding gene.  
with a negative regulator, SVP, implying that there is both positive and negative crosstalk 
between the two pathways via protein interactions, as pointed out above. 
DISCUSSION 
Interactions between proteins are essential for their activity and serve as the building 
blocks for the molecular networks that control biological processes in organisms. Here, we 
report a large protein-protein interaction study performed in plants, resulting in a near-
complete interactome of Arabidopsis MADS domain transcription factors. Although derived 
from a heterologous system, these interaction patterns give valuable clues about the 
involvement of the MADS factors in certain processes. Some of the unexpected interactions, 
such as those between regulators of flowering time and floral pattern, may indicate the 
existence of hitherto unsuspected regulatory mechanisms. Duplication of MADS box genes 
appears to be a common phenomenon, not only giving rise to functionally redundant genes, 
but also allowing diversification of developmental processes through changes in expression 
pattern or protein functions (reviewed in Smyth, 2000; Ferrario et al., 2004a). Completely 
redundant proteins are expected to have identical interaction patterns, and proteins playing a 
role in the same process are likely to have shared interaction partners. As expected, redundant 
proteins such as SEP1 and SEP3 (Pelaz et al., 2000) cluster together in the interaction matrix, 
as do members of the AG clade, which have partially overlapping functions (Favaro et al., 
2003; Pinyopich et al., 2003). Similarly, proteins that may play a role in root development are 
grouped (AGL19, AGL42, AGL12, ANR1, and AGL17) (Rounsley et al., 1995; Zhang and 
Forde, 1998; Alvarez-Buylla et al., 2000b; Burgeff et al., 2002), as are proteins known to be 
involved in the timing of flowering (e.g., SVP, AGL24, and FUL) (Ferrandiz et al., 2000; 
Hartmann et al., 2000; Yu et al., 2002; Michaels et al., 2003). The AGL6 protein has an 
interaction pattern closely resembling the AP1 interactions, suggesting that this protein plays 
a role in the flowering program as well. This hypothesis is strengthened by the fact that
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Figure 5. Representation of the flower induction and flower formation networks. Proteins are indicated by ovals 
(red for the flower induction, blue for the flower formation network, green for the hubs), and interactions are 
represented by lines. The proteins SOC1 and AGL24 form a homodimer, which is indicated with a small dot 
next to the oval of the protein. 
overexpression of OMADS1 from orchid (Oncidium Gower Ramsey), a gene closest in 
sequence to AGL6, resulted in extremely early flowering in Arabidopsis and loss of 
inflorescence indeterminacy (Hsu et al., 2003). Another protein for which the function 
recently has been elucidated by mutant analysis is AGL3 and based on its determined function 
has been renamed SEP4 (Ditta et al., 2004). Besides its function in floral organ formation, this 
protein appears to play a role in determining the floral meristem identity, redundantly with 
AP1 and CAULIFLOWER (CAL). Remarkably, SEP4 and CAL cluster together based on 
their interaction patterns, which also points to their redundant function.
Interaction patterns may also provide clues about the role of the interacting proteins in 
a certain pathway, even when the majority of the proteins in the interaction cluster are 
unknown. An example is provided by the type I proteins, for which virtually no functional 
information is available. An exception is PHERES1 (PHE1; Köhler et al., 2003), a target of 
the polycomb protein MEDEA that is involved in seed development (Grossniklaus et al., 
1998). PHE1 interacts with AGL28, AGL40, and AGL62, which are all coexpressed with 
PHE1 in the embryo and cluster together according to their interacting patterns. This clearly 
points to their involvement in the same developmental process.  
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Protein interactions that are clustered based on similar interaction patterns can serve as 
backbones for more complex molecular networks responsible for a particular function or 
pathway. We have focused on two subnetworks, one for the flower induction and one for the 
flower organ formation pathway, which appear to be highly interconnected. Highly connected 
proteins can function as hubs to interconnect pathways that are either spatially or temporally 
separated. The proteins AP1 and FUL could serve as hubs between the flower induction 
pathway comprising interacting proteins such as SVP, SOC1, and AGL24, and the floral 
organ identity proteins. Both AP1 and FUL have a dual function in floral meristem identity 
(early function) and floral organ determination (late function) (Mandel et al., 1992; Ferrandiz 
et al., 2000), which is in line with the fact that dimers are formed with both the flowering 
proteins and the floral homeotic proteins.   
 Surprisingly, SVP, SOC1, and AGL24 also interact directly with the floral organ 
identity proteins. Both groups of genes share similar expression at the shoot apex, although 
the overlap on the cellular level is relatively limited. One possibility is that there is mutual 
negative feedback regulation, which would sharpen contrasting expression patterns (Heck et 
al., 1997; McKay and Cidlowski, 1998). In such a scenario, the corresponding dimers would 
repress expression of both SVP and AP1/SEP1/SEP3, thus ensuring that overlap in expression 
pattern is minimized. An even more intriguing possibility is that there is overlap in expression 
pattern precisely at the moment when the shoot apical meristem is transformed into a 
generative meristem. Then, these dimers could serve not only as repressors of the early 
flowering genes, but also as activators of the floral organ identity genes, further sharpening 
the transition to flowering.
Positive autoregulatory feedback loops have been reported for the class B homeotic 
genes in Arabidopsis (Goto and Meyerowitz, 1994; Samach et al., 1997) and Antirrhinum 
(Schwarz-Sommer et al., 1992; Tröbner et al., 1992) and more recently for AG in Arabidopsis 
(Gómez-Mena et al., 2005). A prerequisite for the negative autoregulatory feedback loop 
theory presented here is that the potentially repressed genes contain the motif for MADS box 
protein binding, the so-called CArG-box (Shore and Sharrocks, 1995). All three genes, SVP,
SOC1, and AGL24, contain a perfect CArG-box [CC(A/T)6GG] in their putative regulatory 
sequences, which is, for example, lacking in the CAL gene for which the gene product did not 
reveal interactions with the floral identity proteins.  
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Further analyses are required to provide evidence for these negative feedback loops, 
which could facilitate the major switches in meristem identity. However, first indications for 
this theory are already available from genetic data. The SVP and AGL24 proteins, which are 
very close in sequence and have similar interaction patterns, have an opposite effect on 
flowering time (Hartmann et al., 2000; Yu et al., 2002; Michaels et al., 2003). This suggests 
that SVP and AGL24 are acting at the molecular level as floral repressor and inducer, 
respectively, by dimerization with the same partners. In recent studies, constitutive expression 
of either SVP or AGL24 resulted, as expected, in late and early flowering, respectively 
(Masiero et al., 2004; Yu et al., 2004). However, in contradiction with the opposite flowering 
time phenotypes, these transgenic Arabidopsis plants revealed similar alterations in the 
flower. The flowers have features of ap1 mutant flowers and often contain greenish sepaloid 
petals and showed indeterminacy. These observations are in accordance with the proposed 
model that the flowering time proteins are normally switched off in the flower by negative 
feedback mechanisms, which are controlled by heterodimers containing both flowering time 
and floral organ identity proteins. In case of ectopic expression using the strong constitutive 
35S promoter of Cauliflower mosaic virus, the negative feedback loops are overruled, giving 
rise to floral mutations. The altered floral phenotypes from 35S:SVP and 35S:AGL24 plants 
can be explained by our observed protein interactions. Both SVP and AGL24 form 
interactions with the floral organ identity proteins, such as AP1, AG, and SEP3. In the 
overexpressers, these protein complexes may act in a dominant-negative manner on the floral 
organ identity proteins. Similar floral defects were obtained upon overexpression of SOC1,
which functions as an accelerator of flowering (Borner et al., 2000; Lee et al., 2000; Samach 
et al., 2000). Detailed analyses with the petunia UNSHAVEN protein, the putative functional 
homolog of SOC1, has also shown that in this case the floral phenotype is obtained by a 
dominant-negative effect on the floral organ identity proteins (Ferrario et al., 2004b). In 
summary, all results from mutant and overexpression analyses and the interaction data 
presented here for SVP, AGL24, and SOC1 give strong indications for the proposed negative 
feedback loop model.  
The results presented here provide a first glimpse of the complex interaction network 
for the Arabidopsis MADS domain transcription factor family. The current available protein 
interaction map still represents a largely static view of the cellular processes regulated by the 
interactome. Technologies such as Fluorescence Resonance Energy Transfer (FRET; Immink 
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et al., 2002) and Bimolecular Fluorescence Complementation (BiFC; Bracha-Drori et al., 
2004; Walter et al., 2004) are powerful tools for these in vivo studies aimed at analyzing the 
dynamics of changing protein interactions. Unraveling the dynamic spatial and temporal 
changes in binary and macromolecular assemblies and the de novo complex assembly in 
response to varying external stimuli will provide a detailed understanding of biological 
systems.  
METHODS
Cloning of the full-length MADS box transcription factors 
A detailed description of the amplification of the open reading frames and subsequent 
cloning in yeast two-hybrid vectors is given in Supplemental Text 1 online. In summary, 102 
open reading frames were cloned, 99 in the bait vector and 102 in the prey vector.
Yeast two-hybrid analysis  
The bait vectors were transformed into yeast strain PJ69-4Į (MATĮ; James et al., 
1996) and all prey vectors into strain PJ69-4a (MATa; James et al., 1996) and selected on SD 
plates lacking Leucine (Leu) and Tryptophan (Trp), respectively. Subsequently, overnight 
cultures were grown (30˚C, 300 rpm) from single colonies of each transformant in selective 
SD medium and systematically mated with each other by spotting 5 µL droplets of the liquid 
cultures on top of each other on SD complete plates (Nunc Omnitray; VWR International BV, 
Amsterdam, The Netherlands), containing all the essential amino acids. The spotting was 
performed in a systematic manner in a grid of 96 spots/plate by a pipetting robot (Genesis 
RSP150 Workstation, Tecan, Maennedorf, Switzerland). In addition, some negative control 
combinations were spotted, for which water was used instead of either a bait or prey culture. 
Subsequently, the plates were incubated at 30˚C for 16 hrs and afterwards the yeast was 
transferred to SD plates lacking both Leu and Trp with disposable 96-pin replicators (Nunc-
TSP; VWR International BV) to select for diploid yeast containing both plasmids. After two 
days of growth at 30˚C the yeast was transferred to two different selection plates containing 
SD medium lacking Leu, Trp, and Ade and SD lacking Leu, Trp, and His, supplemented with 
5 mM 3-amino-1,2,4-triazole. These plates were incubated at 20˚C and scored for growth of 
yeast and hence protein-protein interaction events after 5 d.
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The screening was performed in duplicate, yielding in theory eight data points for each 
combination, four times with protein “A” as bait and “B” as prey (two scores from the Ade 
selection and two scores from the His selection) and four times reciprocally, with protein B as 
bait and A as prey. In case of autoactivation for one of the two proteins, just four data points 
were obtained for the specific combination. The mating efficiency appeared to be 100% and 
where water was used for mating, either instead of a bait culture or instead of a prey culture, 
no growth was obtained on medium selecting for the presence of the two plasmids or on the 
media selecting for interactions (see Supplemental Figure 3 online). This shows that no cross-
contamination occurred as a result of the procedure that followed. A combination was scored 
as a true interaction when it resulted in growth for at least one of the two-selection markers in 
both screenings, but almost all positively scored combinations grew on both selection media. 
Data analysis 
All protein-protein interaction data were transferred to Microsoft Excel sheets 
(Redmond, WA), and for easier data analyses, the interaction data was made reciprocal. One 
data matrix was made with all MADS box proteins, Matrix1, and one matrix with MADS box 
proteins that had at least one protein-protein interaction, Matrix2. Both matrixes were 
subjected to GeneMaths software (Applied Maths BVBA, Sint-Martens-Latem, Belgium) for 
further data analyses. Matrix1 was organized based on the phylogenetic distribution of all 
Arabidopsis thaliana MADS box proteins according to PaĜenicová et al. (2003). Cluster 
analysis was performed on Matrix2 with Pearson correlation coefficient and UPGMA 
algorithm on both the rows and columns. In both cases the data is represented in one direction 
(not reciprocal).
Coexpression analysis 
The developmental set of the AtGenExpress expression atlas 
(ftp://ftp.arabidopsis.org/home/tair/Microarrays/Datasets/AtGenExpress/;
http://weigelworld.org/resources/microarray/AtGenExpress) (Schmid et al., 2005) was 
analyzed for expression of MADS box genes. Expression estimates were obtained using 
gcRMA (http://bioconductor.org), a modification of the robust multiarray analysis algorithm 
(Irizarry et al., 2003). A threshold of log2  3 was applied to identify overlap in tissues with 
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expression of genes. About 75% of the Arabidopsis MADS family is represented on the 
Affymetrix GeneChip® ATH1 (Santa Clara, CA). 
SUPPLEMENTARY DATA 
Supplemental Table 1. The complete yeast two-hybrid interaction data set with all the 
scores.
Supplemental Table 2. Summary of the yeast two-hybrid screening.
Supplemental Table 3. Overview of published protein-protein interactions of the 
Arabidopsis MADS box transcription factor family. 
Supplemental Table 4. Overview of published interolog protein-protein interaction data.
Supplemental Table 5. List of all tissues of the AtGenExpress expression atlas. 
Supplemental Figure 1. Hierarchical clustering of MADS box gene expression profiles, 
highlighting the fact that genes with similar functions are coexpressed. Only genes included in 
the interaction matrix are shown. 
Supplemental Figure 2. Pair-wise Pearson correlation of expression profiles of genes 
encoding interacting proteins (blue) and those encoding noninteracting proteins (yellow), 
based on the AtGenExpress data set. 
Supplemental Figure 3. Outline of the matrix based yeast two-hybrid approach. 
Supplemental Text 1. Detailed description of the amplification of the open reading frames 
and subsequent cloning in yeast two-hybrid vectors. 
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ABSTRACT 
MADS domain transcription factors are essential for proper flower and seed 
development in angiosperms and their role in floral organ identity determination can be 
described by the “ABC-model” of flower development. Recently, close relatives of the B-type 
genes were identified by phylogenetic studies, which are referred to as Bsister (Bs) genes. Here, 
we report the isolation and characterization of a MADS-box Bs member from petunia, 
designated FBP24. An fbp24 knock-down mutant appeared to closely resemble the 
Arabidopsis Bs mutant abs and a detailed and comparative analysis led to the conclusion that 
both FBP24 and ABS are necessary to determine the identity of the endothelium layer within 
the ovule. Protein interaction studies revealed the formation of higher-order complexes 
between Bs-C-E and Bs-D-E type of MADS box proteins, suggesting involvement of these 
specific complexes in endothelium identity determination. However, although there are many 
similarities between the two genes and their products and functions, interestingly, FBP24
cannot replace ABS in Arabidopsis. The results presented here demonstrate the importance of 
the comparative analysis of key-regulatory genes in various model systems to fully 
understand all aspects of plant development. 
INTRODUCTION
An essential step in the survival of land plants is the formation of seed. The seed 
contains the two fertilization products, the embryo and endosperm, which are surrounded by 
the seed coat or testa. The seed coat protects the embryo against adverse environmental 
conditions and influences seed dormancy, germination, and longevity (Debeaujon et al., 
2000). The seed develops from a fertilized ovule, which in angiosperms is located inside the 
female reproductive organ, the pistil (Gasser and Robinson-Beers, 1993). Ovules are initiated 
from the placental region of the inner surface of the ovary. The ovule primordium arises as a 
fingerlike structure that further develops into the nucellus, one or two integuments, and the 
funiculus, which forms the connection to the placenta. The nucellus is the site of 
megasporogenesis and megagametogenesis, which produce the mature female gametophyte or 
embryo sac. As sporogenesis and gametogenesis occur, the inner and outer integuments 
develop to finally envelop the embryo sac. Inside the embryo sac, the egg cell becomes 
fertilized by one of the two pollen sperm cells to produce the zygote, which subsequently 
becomes the embryo. The second sperm cell fertilizes the central cell to produce the 
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endosperm (Robinson-Beers et al., 1992; Gasser and Robinson-Beers, 1993; Reiser and 
Fischer, 1993; Schneitz et al., 1995; Angenent and Colombo, 1996; Chaudhury et al., 1998; 
Grossniklaus and Schneitz, 1998; Skinner et al., 2004).
The integuments are of sporophytic maternal origin and finally form the seed coat. In 
some species, e.g. petunia, the ovule contains a single integument, while in others, such as 
Arabidopsis two integuments are formed. The outer integument of Arabidopsis ovules 
contains two cell layers and, initially, the inner integument consists of two cell layers as well. 
Around the four-nuclear embryo sac stage, the inner layer of the inner integument gives rise 
to a third layer, referred to as the integumentary tapetum or endothelium, which is in direct 
contact with most of the embryo sac. The endothelium is characterized by cells with a 
compact appearance, which are regularly cube-shaped, have very little or no vacuolization 
and distinct staining properties (Bowman et al., 1991; Robinson-Beers et al., 1992; Schneitz 
et al., 1995; Haughn and Chaudhury, 2005). Functionally, the endothelium is thought to play 
a role in protection and nourishment of the embryo (Kapil and Tiwari, 1978). 
In the last decade, several mutants have been identified affecting ovule formation, 
identity, and integument development but to date, no mutant has been described that 
specifically affects endothelium formation (for reviews see: Angenent and Colombo, 1996; 
Gasser et al., 1998; Grossniklaus and Schneitz, 1998; Schneitz et al., 1998; Skinner et al., 
2004).
The molecular control of ovule identity is well-studied in petunia and Arabidopsis 
(reviewed in Skinner et al., 2004). In petunia, the MADS-box genes FLORAL BINDING
PROTEIN7 (FBP7) and FBP11, probably fully redundant, are necessary for ovule identity 
(Angenent et al., 1995; Colombo et al., 1995), and proper seed development (Colombo et al., 
1997). Simultaneous down-regulation of FBP7 and FBP11 by co-suppression resulted in 
plants with carpeloid structures in positions where normally ovules develop. Furthermore, the 
less severe fbp7/fbp11 knock-down lines revealed premature degeneration of endothelial cells 
during late seed development, which resulted in degeneration of the endosperm, though still 
producing viable seeds (Colombo et al., 1997). All these observations have led to the 
postulation of an extended ABC model of floral organ development (Coen and Meyerowitz, 
1991) with a D-function for ovule formation (Colombo et al., 1995). In Arabidopsis, the D-
function is represented by SEEDSTICK (STK), which promotes ovule identity redundantly 
with the SHATTERPROOF (SHP1/2) genes (Favaro et al., 2003; Pinyopich et al., 2003). 
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Ovule and seed development was completely disrupted in the stk shp1 shp2 triple mutant and 
some ovules were converted to leaf-like or carpel-like structures (Pinyopich et al., 2003). 
Furthermore, it was concluded that the C-type gene AG acts partially redundant with STK in 
ovule identity (Pinyopich et al., 2003). Previous experiments also suggested the involvement 
of AG in ovule identity, because in ap2 mutants ectopic ovule formation was observed, and a 
part of these ovules developed into carpeloid structures (Western and Haughn, 1999). The 
number of ovules converted into carpeloid structures increases in ap2 ag double mutants and 
even more in ap2 stk ag triple mutants, with the strongest loss of ovule identity in ap2 stk 
shp1 shp2 quadruple mutants (Pinyopich et al., 2003). Furthermore, carpeloid structures never 
showed ovule formation in the ag-3 mutant upon ectopic STK expression (Favaro et al., 
2003). Furthermore, in the SEP1/sep1 sep2 sep3 mutant affecting the E-function, ovules 
revealed homeotic transformations as seen in stk shp1 shp2 mutants (Favaro et al., 2003). 
Based on protein interaction studies it was proposed that AG and SEP form a stable higher 
order complex together with STK or one of the SHP proteins, and that each of these 
complexes is likely sufficient to promote ovule identity (Favaro et al., 2003).
Recently, the transparant testa16 (tt16) mutant was described (Nesi et al., 2002; 
Debeaujon et al., 2003), in which the MADS-box gene encoding ARABIDOPSIS BSISTER 
(ABS) was disrupted (Becker et al., 2002). The tt16/abs mutant was identified based on 
altered seed pigmentation and revealed a lack of proanthocyanidins (PAs) accumulation in the 
endothelium. Furthermore, endothelial cells showed an abnormal cell shape, which led to the 
conclusion that TT16/ABS is involved in endothelium development (Nesi et al., 2002). The 
ABS gene is a member of the Bsister (Bs) subfamily of MADS-box genes, which was 
designated as Bsister after phylogenetic studies (Becker et al., 2002). This subfamily is related 
to the B-type floral homeotic genes, such as APETALA3 (AP3) and PISTILLATA (PI) in 
Arabidopsis, which are required for petal and stamen identity (Jack et al., 1992; Goto and 
Meyerowitz, 1994). It has been suggested that the B and Bs gene lineages were generated by a 
duplication of an ancestral gene before the divergence of gymnosperm and angiosperm 
lineages 300 million years ago (MYA), but after the separation of the fern lineage 400 MYA 
(Becker et al., 2002; Stellari et al., 2004). Interestingly, Bs genes are predominantly expressed 
in female floral organs, in contrast to the B-type genes (Becker et al., 2002).
In this study, we report the isolation and characterization of a MADS-box Bs member 
from petunia, designated FBP24. An fbp24 knock-down line obtained by co-suppression, 
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closely resembles the Arabidopsis Bs abs mutant. A detailed and comparative analysis is 
presented, which led to the conclusion that both FBP24 and ABS are necessary for proper 
endothelium development. Nevertheless, FBP24 failed to complement the Arabidopsis abs
mutant, indicating divergence of the supposed orthologous genes in these two angiosperm 
species.
RESULTS
Petunia FBP24 isolation and sequence analysis 
A petunia ovary-specific cDNA expression library was screened by the yeast two-
hybrid GAL4 system with FBP11 (Angenent et al., 1995; Colombo et al., 1995) as bait to 
identify interacting partners for this ovule specific MADS domain protein (Immink et al., 
2002). One of the interacting partners identified was a truncated MADS domain protein, 
designated FLORAL BINDING PROTEIN 24 (FBP24). Subsequently, the full length open 
reading frame of FBP24 was cloned by PCR, using plasmid DNA from the ovary cDNA 
library as template. The FBP24 cDNA encodes a putative protein of 268 amino acids that 
based on phylogenetic analysis belongs to the Bsister (Bs) subfamily of MADS domain proteins 
(Figure 1), as described previously (Becker et al., 2002).
Figure 1. Phylogenetic tree based on an alignment of 
full length MADS domain proteins from Petunia 
hybrida and Arabidopsis thaliana. Petunia proteins are 
given in bold and bootstrap values are given next to the 
branches. The various classes of homeotic genes are 
indicated with the relevant letter, according to the ABC 
model. 
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FBP24 expression analysis in wild-type petunia
Northern blot hybridization experiments were performed to analyze the expression of 
FBP24 in wild-type petunia plants (variety W115). RNA was isolated from various organs 
and hybridized to a specific FBP24 cDNA fragment lacking the conserved MADS-box 
region. FBP24 expression was detected in the ovary of wild-type petunia only, and its 
expression decreases slowly after pollination (Figure 2a and 2b). No expression was detected 
in vegetative tissues or other floral organs. In addition, in situ hybridization experiments were 
performed to obtain a more detailed picture of the FBP24 expression pattern. A specific 
hybridization signal was visible in very young ovule primordia (Figure 2c) and slightly later 
in development, in the nucellus and the integument of the developing ovule (Figure 2d). 
During late ovule and seed development FBP24 expression was restricted to the endothelium 
(Figure 2e and 2f). This expression closely resembles the expression patterns of the D-type 
ovule identity genes FBP7 and FBP11, which are also MADS domain family members and 
are necessary for proper ovule development, but deviate with respect to the early nucellus 
expression (Angenent et al., 1995; Colombo et al., 1997). The observed expression pattern of 
FBP24 and the similarity with the expression patterns of FBP7 and FBP11 suggest a role for 
FBP24 in ovule development.  
Figure 2. FBP24 expression analyses by Northern blot (a,b) and in situ 
hybridization (c-f) in wild-type petunia W115 plants. (a) FBP24 expression 
analysed in different tissues, L; leaf, FL flower; Sp, sepal; P, petal; St, 
stamen; Sty, style; Sti, stigma, and Ov, ovary. (b) FBP24 expression 
analysed in ovaries at different time points (0, 1, 3, 5, and 10 days) after 
pollination (DAP). (c-f) FBP24 expression during ovule development, (c) 
expression in young ovule primordia, (d) nucellus and integument 
expression, (e-f) expression becomes restricted to the endothelium in mature 
ovules. p, ovule primordia; i, integument; nu, nucellus; ov, ovule; en, 
endothelium.  
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Functional analysis of FBP24
To investigate the function of FBP24 in petunia we analyzed a dTph1 transposon 
insertion mutant, which was identified in a reverse-genetics screen (Vandenbussche et al., 
2003). The transposon insertion was located 56 nucleotides downstream the start codon in the 
MADS box, and due to this various in-frame stop codons were introduced. Phenotypic 
analysis of this presumed knock-out mutant did not reveal any alterations in development, 
which probably can be explained by functional redundancy. Therefore, an overexpression/co-
suppression approach was taken, to gain more insight in the function of FBP24. To this aim, a 
construct was made with the full-length FBP24 cDNA under control of the 35S CaMV 
promoter, which was introduced in the Petunia hybrida line W115 by Agrobacterium-
mediated transformation (Angenent et al., 1993). Seventeen independent transgenic petunia 
plants were generated and examined for morphological alterations and FBP24 expression 
levels. Northern blot analysis with total RNA from leaf tissue revealed only one plant 
(pGD614#13) with ectopic FBP24 expression (Figure S1), although, this plant did not show 
any obvious morphological alterations. However, two other plants (pGD614#2 and 
pGD614#8) produced seed pods with a dramatic reduction in seed number and the few seeds 
produced were not fully round and had an altered seed color (Figures 3a to 3f). These two 
plants were subjected to more detailed molecular and phenotypic analyses. Northern blot 
analysis was performed with RNA isolated from ovaries of plants #2 and #8 and instead of 
increased FBP24 expression, no FBP24 hybridization signal was detectable (Figure S1). This 
indicates that silencing had occurred in these plants most likely due to co-suppression, which 
possibly caused the poor seed-set phenotype. Subsequently, segregation analyses were 
performed using offspring plants of these two independent fbp24 knock-down lines and a 
perfect linkage was observed between the reduced seed-set phenotype and silencing of the 
FBP24 gene (Figure S1). Notably, these phenotypic changes were not observed in the fbp24
dTph1 insertion line, which suggests that FBP24 functions redundantly with other genes that 
are simultaneously suppressed in the fbp24 knock-down lines. However, a Southern blot 
hybridization under low-stringent conditions revealed that FBP24 is present as a single copy 
gene and that very similar MADS box genes do not exist in the petunia genome (data not 
shown). Because we used a full-length construct to generate the knock-down lines, the 
phenotype could also be the result of suppression of other related MADS box containing 
genes. Therefore, we analyzed, by Northern hybridization, whether the expression levels of 
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other MADS box genes were altered in the fbp24 knock-down lines. Taking the complete 
Open Reading Frame (ORF) of FBP24 into account, the E-type gene FBP2 (Angenent et al., 
1994; Ferrario et al., 2003) and the D-type genes FBP7 and FBP11 (Angenent et al., 1995; 
Colombo et al., 1997), are most similar in DNA sequence among the known petunia MADS 
box genes. Nevertheless, no clear differences in expression levels of FBP2 and FBP7/FBP11
were visible compared to the wild-type control (Figure S2). This demonstrates that these 
genes, although similar to FBP24 in sequence and expressed in ovular tissues, are not 
substantially affected in the fbp24 knock-down lines. Based on the available sequence data, 
there is no other obvious candidate gene that is related to FBP24, and that could act in a 
redundant fashion with FBP24.
Detailed analysis of the fbp24 knock-down lines in petunia  
To investigate whether the observed phenotype in the fbp24 knock-down lines is due 
to a male or female defect we performed reciprocal crosses. When fbp24 mutant pollen was 
used to pollinate wild-type petunia plants normal seed-set was observed. However, when 
wild-type pollen was used to pollinate the fbp24 knock-down line a reduced seed-set was 
observed, demonstrating that the fbp24 knock-down-line is maternally impaired. 
Subsequently, we performed analine staining for callose to see whether unfertilized ovules of 
pGD614#2 and pGD614#8 plants develop normally and whether wild-type pollen tube 
growth was affected upon pollination of the knock-down plants. These analyses revealed that 
the ovules had a normal callose deposition and that pollen tubes grew normally and were able 
to reach the ovules (data not shown). Nevertheless, only a few ovules developed into a viable 
seed, while the majority degenerated shortly after pollination. To unveil the cause of ovule 
degeneration, we performed histological analysis on mature ovules from the fbp24 knock-
down lines and compared them to the wild type (Figures 3g to 3i). Mature ovules (0 DAP, 
days after pollination) from wild-type petunia plants contain an endothelium layer, which is 
the inner-most layer of the single integument, and is thought to serve as a feeding layer. The 
endothelial cells are regularly shaped and appear dark blue upon staining with toluidine blue, 
which marks the presence of phenolic compounds. In contrast, ovules of the fbp24 knock-
down line did not contain this regularly shaped inner cell layer (the endothelium) and hence 
lacked the dark blue staining pattern. Moreover, occasionally the embryo sac is completely 
absent, which resulted in less round-shaped ovules (Figure 3i). This effect on embryo sac  
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Figure 3. Morphological and histological analyses of the fbp24 knock-down line versus wild-type petunia W115 
plants. (a,c) Phenotype of a wild-type petunia ovary with developing seeds (8 DAP) versus the altered phenotype 
of the fbp24 knock-down line (8 DAP) (b,d). (e) Seed phenotype of wild-type petunia plants versus the altered 
phenotype of the fbp24 knock-down line (f). (g) Sections of wild-type petunia ovules at 4 DAP versus sections 
of ovules of the fbp24 knock-down line at 4 DAP (h). (i) Ovules of the fbp24 knock-down line at 0 DAP. In the 
left ovule the embryo sac is completely absent. (j) Proanthocyanidins (PAs) detection with a vanillin staining in 
developing seeds (6 DAP) of a wild-type petunia plant versus the fbp24 knock-down line (k), arrows indicate 
normal developing seeds in the fbp24 knock-down line (k). en, endothelium.  
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formation might be indirect and caused by aberrant endothelium development, eventually 
giving rise to complete degenerated ovules. 
In Arabidopsis, proanthocyanins (PAs) accumulate in the endothelium, which 
becomes part of the seed coat. During seed maturation, these compounds give rise to the 
brown color after oxidation (Devic et al., 1999). To detect the presence of PAs in ovules of 
wild-type and the fbp24 knock-down lines, vanillin staining was performed. Vanillin staining 
results in a dark red color when PAs are present (Gardner, 1975; Kristensen and Aastrup, 
1986). An entire ovary of the fbp24 knock-down line was assayed and revealed the presence 
of PAs. Interestingly, there was no visible difference in the staining pattern between the 
degenerated ovules or the few developing seeds of the fbp24 knock-down lines and wild-type 
ovules and seeds (Figures 3j and 3k). This suggests that the endothelium layer in petunia is 
not the only layer where PAs accumulate, this in contrast to Arabidopsis where PAs 
accumulate exclusively in the endothelium (Devic et al., 1999; Debeaujon et al., 2001). 
Furthermore, it suggests that FBP24 does not have an effect on PA accumulation in other cell 
layers of the petunia ovule/seed.
Detailed analysis of the Arabidopsis abs mutant 
Because the previously described Bs MADS-box tt16/abs mutant (Nesi et al., 2002) 
has a phenotype closely resembling that of the fbp24 knock-down lines described here, and 
because of the high level of similarity at sequence level (Figure 1), we decided to re-analyze 
the abs mutant in more detail. For these analyses we used a new allele for the abs mutant (see 
Methods), called tt16-6 according to conventional nomenclature (Nesi et al., 2002; Kaufmann 
et al., 2005). The abs mutant showed an altered seed pigmentation pattern due to a lack of 
PAs in the endothelium and, furthermore, the inner cell layer of the inner integument showed 
an abnormal cell shape (Figure 4), which confirms previously reported data (Nesi et al., 2002; 
Debeaujon et al., 2003).
Expression analyses revealed expression of ABS in reproductive organs, in buds, 
flowers and seed (Becker et al., 2002; Nesi et al., 2002; Parenicová et al., 2003), and the ABS
transcript appeared to accumulate during seed development (de Folter et al., 2004; Hennig et 
al., 2004). Nevertheless, its expression is very low or restricted, because in situ hybridization 
experiments failed to detect any expression (data not shown). Furthermore, a promoter GUS 
fusion did not result in any detectable expression under normal growth conditions (data not  
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Figure 4. Morphological and histological analyses of 
the abs mutant versus wild-type Arabidopsis plants. 
(a) Seed color phenotype of a wild-type Arabidopsis 
plant versus the homozygous abs mutant (b). (c) GUS 
detection of the ET447 enhancer detector line in a 
developing seed of a wild-type Arabidopsis plant 
versus the homozygous abs mutant (d). (e) Toluidine 
stained section of a developing seed of a heterozygous 
abs mutant versus a homozygous abs mutant (f). (g) 
PAs detection with a vanillin staining in a developing 
seed (7 DAP) of a wild-type Arabidopsis plant versus 
the homozygous abs mutant (h). (i) Clearing of a 
developing seed (7 DAP) of a wild-type Arabidopsis 
plant versus the homozygous abs mutant (j). en, 
endothelium.  
shown), which is consistent with the low expression levels of ABS reported previously 
(Becker et al., 2002). However, based on the Arabidopsis tt16/abs phenotype (Nesi et al., 
2002) and expression of the Bs genes from Antirrhinum (DEFH21, Becker et al., 2002) and 
petunia (FBP24, this study) it seems that the ABS gene is specifically expressed in and 
important for the endothelium layer.  
To further investigate the endothelium cell layer, which is affected in the abs mutant, 
we used an enhancer detector line (ET447) that shows specific expression in the endothelium 
of ovules and developing seeds. Analysis of ET447 expression in the abs T-DNA insertion 
mutant showed that endothelium expression was lost in a homozygous abs background 
(Figures 4c and 4d). This strongly indicates that the endothelium cell layer is either absent or, 
alternatively, that the identity of this cell layer is changed. In addition, histological analyses 
were performed on wild-type Arabidopsis and the abs mutant at an early stage of seed 
development (Figures 4e and 4f), in a similar way as has been done for the petunia fbp24
knock-down lines. Staining with toluidine blue in wild-type or heterozygous abs mutant 
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plants marked the endothelium layer. In contrast, in the homozygous abs mutant this staining 
pattern was lost, as was previously described for the tt16/abs mutant (Nesi et al., 2002). 
Indirectly, the loss or change in identity of the endothelium layer could also be visualized by a 
vanillin staining, which indicated the absence of PAs in the homozygous abs mutant plants 
(Figures 4g and 4h). Subsequently, we determined the number of cell layers in the 
integuments to determine whether the endothelium cell layer is lost or transformed into a cell 
layer with another identity. The five integumental cell layers, with the inner-most layer 
normally developing as the endothelium, were all present in the homozygous abs mutant, but 
they lacked the endothelium characteristics typical for the inner-most layer (Figures 4i and 
4j). Determining the number of cell layers in the ovules of petunia is very difficult, but a 
similar change in identity of the endothelium layer as observed in the abs mutant also occurs 
in the fbp24 knock-down lines.
Do ABS and FBP24 interact with the same proteins?  
Protein interaction studies may help with functional analyses and inter-specific 
comparison of gene products. It has been shown that protein interactions are often conserved 
between plant species (Favaro et al., 2002; Immink and Angenent, 2002; de Folter et al., 
2005). Recently, we have demonstrated that FBP24 specifically interacts with the E-type 
proteins FBP2 and FBP4, and was able to form a higher order-complex with the ovule-
specific D-type proteins FBP7 or FBP11 in yeast (Nougalli Tonaco et al., 2006). Moreover, 
by FRET-FLIM studies heterodimerization was shown for FBP24 and FBP2 in planta, and 
strong indications were found for higher-order complex formation of FBP24, FBP11 and 
FBP2 (Bs-D-E complex) in planta (Nougalli Tonaco et al., 2006). In a comprehensive 
interaction study for all Arabidopsis MADS domain proteins we determined that ABS 
interacts with the E-type SEP1/2/3 proteins (de Folter et al., 2005), of which at least SEP3 is a 
functional equivalent of FBP2 from petunia (Ferrario et al., 2003). Recently, higher-order 
complex formation was tested for ABS and revealed Bs-D-E complexes with STK (D) and 
SEP3 (E) proteins (Kaufmann et al., 2005).  
Interestingly, two splicing forms are reported for ABS (Nesi et al., 2002), in contrast to 
a single form for FBP24. Furthermore, taking into account that the C-type AG gene has a 
redundant function in ovule identity (Pinyopich et al., 2003), and that its expression becomes 
restricted to the endothelium as the ovule matures (Bowman et al., 1991; Sieburth and 
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Meyerowitz, 1997), we tested all the Arabidopsis proteins from the C-/D-type clade in a yeast 
three-hybrid screen in combination with the ABS-I and ABS-II proteins. A similar screen was 
performed for FBP24 with the equivalent petunia proteins (Table 1). ABS-II lacks the last 
five amino acids at the end of the K-box, which are present in the splicing form ABS-I. 
Although the K-box is involved in protein-protein interactions (Fan et al., 1997; Yang et al., 
2003), no difference in higher-order complex formation was observed between the products 
of the two ABS splicing variants. In the case of petunia, the complex Bs-C-E (FBP24-
pMADS3-FBP2) was found in addition to the previously reported Bs-D-E complex (FBP24-
[FBP7/11]-FBP2) (Nougalli Tonaco et al., 2006). In summary, the higher-order complexes 
that have been tested in yeast are conserved between petunia and Arabidopsis.
Can FBP24 replace ABS in a mutant complementation experiment? 
The abs mutant and fbp24 knock-down lines show similarities, but exhibit also minor 
differences. Based on the yeast interaction studies, it can not be concluded that ABS and 
FBP24 have diverged in function during evolution. Therefore, we performed a mutant 
complementation experiment with the abs mutant, which should reveal whether ABS can be 
replaced by FBP24 in Arabidopsis. The FBP24 cDNA under control of the constitutive 35S 
CaMV promoter (pGD614) was introduced into the Arabidopsis abs mutant by crossing. The 
35S::FBP24 transgenic line was generated in ecotype Columbia and the expression of FBP24
in leaves was confirmed by Northern analysis (results not shown). In parallel, we produced 
35S::ABS (pGD 797) lines and crossed it into the abs genetic background in a similar way as 
was done for 35S::FBP24. This resulted, however, in a lack of complementation in the case of 
35S::FBP24, while the ABS gene under the control of the 35S CaMV promoter (pGD797) was 
able to complement the abs mutant as was reported previously by Nesi et al. (2002) (results 
not shown). Despite the fact that FBP24 failed to complement the abs mutant, ectopic 
expression of FBP24 caused curly leaves and altered flower and silique development in 
Arabidopsis in a similar way as 35S::ABS does, which indicates that FBP24 is ectopically 
expressed, and that a protein is produced. However, these ectopic expression phenotypes are 
suggested to be caused by a dominant-negative effect (Kaufmann et al., 2005). Taking into 
consideration that the 35S CaMV activity in ovules is low in comparison to other tissues 
(Figure S3), we repeated the complementation experiment, making use of the petunia FBP7
promoter. This promoter of the petunia D-type FBP7 MADS-box gene is specifically and
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Table 1. Higher-order complex formation for the petunia and Arabidopsis Bs proteins*).
Combination pAD-GAL4 pRED pBD-GAL4 Interaction Complex 
1 FBP24 FBP2'C FBP7 +/- Bs-E-D 
FBP24  FBP7 -  
FBP2'C FBP7 -  
2 FBP24 FBP2'C FBP11 +/- Bs-E-D 
FBP24  FBP11 -  
FBP2'C FBP11 -  
3 FBP24 FBP2'C FBP6 -  
FBP24  FBP6 -  
FBP2'C FBP6 -  
4 FBP24 FBP2'C pMADS3 +/- Bs-E-C
FBP24  pMADS3 -  
FBP2'C pMADS3 -  
5 STK SEP3 ABS-I + D-E-Bs
 SEP3 ABS-I -  
6 STK SEP3 ABS-II + D-E-Bs
 SEP3 ABS-II -  
7 AG SEP3 ABS-I + C-E-Bs
 SEP3 ABS-I -  
8 AG SEP3 ABS-II + C-E-Bs
 SEP3 ABS-II -  
9 ABS-II SEP3 SHP1 + Bs-E-SHP 
ABS-II  SHP1 -  
 SEP3 SHP1 -  
10 ABS-II SEP3 SHP2 + Bs-E-SHP 
ABS-II  SHP2 -  
 SEP3 SHP2 -  
*) Nine different combinations of three proteins were tested in a yeast three-hybrid experiment. For each 
combination 1 or 2 control combinations were analysed to either exclude that the growth of the yeast is caused 
by the interaction between two proteins instead of three, or to determine the level of auto-activation by the SEP3 
protein. In case of petunia, the FBP2'C protein was used that showed no auto-activation but is still able to form 
higher-order complexes (Ferrario et al., 2003). Because of this, all these combinations were analysed at 1 mM 
3AT. In contrast, the full-length Arabidopsis SEP3 protein gives auto-activation allowing growth up to a 
concentration of 30 mM 3AT. Because of this all combinations with the Arabidopsis proteins were tested at a 
3AT concentration of 60 mM.  
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highly expressed in ovules and seeds (Colombo et al., 1997). First, its expression pattern in 
Arabidopsis was tested by a fusion with the E-glucuronidase (GUS) reporter gene. This 
experiment showed that the FBP7 promoter drives high and specific expression in 
Arabidopsis ovules as well (Figure S3). Besides the FBP24 coding region (pARC675), we 
also generated constructs for both splicing forms of ABS, ABS-I (or ABS; pARC677) and ABS-
II (shorter version; pARC676), under the control of the FBP7 promoter. All three constructs 
were introduced in the homozygous abs mutant by the floral dip method (Clough and Bent, 
1998). In the case of complementation, the seeds of the T1 plants (primary transformants) are 
expected to give brown colored seeds, instead of yellow seeds. We first examined the 
expression levels of the introduced genes by Northern blot analysis (data not shown). RNA 
was isolated from mature pistils in which the FBP7 promoter is highly active in Arabidopsis 
(Figure S3). For each construct around ten plants were analyzed and about one third of these 
putative transgenic plants revealed expression of the introduced gene. After ripening, mature 
seeds were harvested from all Arabidopsis plants. Strikingly, all seeds from abs mutant plants 
expressing the introduced FBP24 gene (4 independent lines) still had a yellow color, which 
indicates that the petunia FBP24 gene expressed in the ovule was not able to complement the 
Arabidopsis abs mutant. In contrast, abs mutant plants with the introduced ABS-I gene 
revealed several lines that produced brown seeds. The molecular analysis revealed that all 
transgenic plants with ABS-I expression driven by the FBP7 promoter (4 independent lines) 
produced brown colored seed, whereas plants in which no ABS-I expression was detected by 
Northern blot analysis gave only yellow seeds. This demonstrated that the ABS-I gene under 
control of the FBP7 promoter is able to complement the abs mutant, as was shown for the 
35S::ABS-I construct. Surprisingly, seeds from abs mutant plants with the introduced splicing 
variant ABS-II were still yellow, indicating that expression of this cDNA failed to 
complement the mutant (5 independent lines with expression).  
DISCUSSION 
MADS domain proteins are important factors that fulfill a plethora of diverse 
biological functions in plant development (Riechmann and Meyerowitz, 1997; Theissen et al., 
2000; Ng and Yanofsky, 2001). Tightly linked to MADS domain proteins are floral organ 
formation and identity, which led to the postulation of the ABC model (Coen and 
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Meyerowitz, 1991; Ferrario et al., 2004). Here, we describe the identification and functional 
analysis of the petunia Bs gene FBP24 and its comparison with the Arabidopsis Bs gene ABS.
The petunia FBP24 and the Arabidopsis ABS genes are closely related at the sequence level, 
but differ in their expression levels and patterns. FBP24 is highly and specifically expressed 
during ovule formation and, at later developmental stages, it is restricted to the inner-most 
layer of the integument, the endothelium. In contrast, ABS is very lowly expressed and not 
detectable by in situ hybridization analysis. RT-PCR experiments revealed expression in 
reproductive organs, and during seed development (Becker et al., 2002; Nesi et al., 2002; 
Parenicová et al., 2003; de Folter et al., 2004; Hennig et al., 2004). Phenotypical analysis of 
an fbp24 knock-down line and an abs T-DNA insertion mutant revealed similarities but also 
striking differences. The petunia mutant ovules degenerated immediately after pollination and 
only a few developed into viable seeds. In contrast, viable but yellow colored seeds are 
produced by the Arabidopsis abs mutant. Histological analyses suggest that both mutants lack 
the endothelium layer due to a change in identity of the cells in this layer. Apparently, the 
absence of this endothelium layer has a different effect in the two species. Arabidopsis 
appeared to be able to produce viable seeds without an endothelium, while in petunia the 
endothelium layer appears to be indispensable. Ablation of the endothelium layer in 
Arabidopsis resulted also in normal seeds and this has been shown to have no effect on 
embryo or endosperm development (Debeaujon et al., 2003). Interestingly, there exists a 
structural difference between petunia and Arabidopsis ovules with respect to the number of 
integuments. Arabidopsis ovules contain a double integument (bitegmic ovules), like most 
angiosperms, while petunia ovules have only one integument (unitegmic ovules) (Angenent 
and Colombo, 1996). It is tempting to speculate that an endothelium layer is more important 
when a plant species has only one integument, although evidence for this hypothesis is 
lacking.
The yellow seed phenotype in the Arabidopsis abs mutant, as previously reported for 
the tt16/abs mutant (Nesi et al., 2002), is due to a lack of proanthocyanins (PAs) that 
normally accumulate in the endothelium layer only (Devic et al., 1999). Probably, the altered 
pigmentation is a secondary effect due to a change in identity of the endothelium cells. In 
petunia, these PAs still accumulate in the FBP24 knock-down lines, in which the endothelium 
layer is dramatically affected, indicating that these pigmentation molecules are also produced 
in other layers of the integument and seed coat. 
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It is important to note that the fbp24 knock-down lines are most likely not affecting a 
single gene because the fbp24 knock-out mutant didn’t show any altered phenotype. 
Therefore, it is likely that at least one more gene, which may act redundantly with FBP24 to 
control endothelium development, is simultaneously suppressed in the fbp24 knock-down 
lines. The most likely candidates for a redundant action with FBP24 were tested and appeared 
to not to be affected in the knock-down lines. Therefore, other petunia MADS box genes that 
have not yet been identified, may be involved in endothelium development. The two paralogs 
FBP7 and FBP11, which were not down-regulated in the mutant, are important factors for 
proper endothelium development. (Colombo et al., 1997) Simultaneous suppression of FBP7
and FBP11 resulted in precocious degeneration of the endothelium during late seed 
development in weak FBP7/FBP11 co-suppression lines, which subsequently resulted in the 
degeneration of the endosperm. Nevertheless, embryo development was not dramatically 
affected and seeds were still viable. These observations indicate that besides FBP24 also the 
D-type genes FBP7 and FBP11 are required for endothelium development. This is consistent 
with their predominant expression in the endothelium layer and is further supported by the 
fact that they are components of a higher order complex formed in yeast and in plant cells 
(Nougalli Tonaco et al., 2006), which suggests that they perform this role in concert with 
FBP24 and potentially other factors.
An important question is whether the B-sister genes from petunia and Arabidopsis are 
functionally interchangeable, as this may provide clues about functional conservation across 
different angiosperm lineages. Protein-protein interactions are conserved among species and, 
therefore, may help to predict protein functions that have been conserved during evolution  
and to identify functionally equivalent proteins (Favaro et al., 2002; Immink and Angenent, 
2002; de Folter et al., 2005). Yeast protein interaction screens revealed that FBP24 and ABS 
interacted with a similar set of floral organ identity proteins. The higher-order protein 
complexes Bs-C-E and Bs-D-E were identified for both petunia and Arabidopsis. Interestingly, 
for petunia the Bs-C-E complex could only be identified for the combination FBP24-
pMADS3-FBP2 and not in combination with the second putative C-type protein FBP6. This 
preference for one of the duplicated genes encoding a putative C-type protein was reported 
previously for the petunia higher-order complexes of FBP2, with specific combinations of B-
type and C-type proteins (Ferrario et al., 2003). It was speculated that these complexes are 
recruited for slightly different functions. Furthermore, the petunia higher-order protein 
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complex Bs-D-E (FBP24-FBP11-FBP2) was recently reported in planta by FRET-FLIM 
analyses, as well as in yeast (Nougalli Tonaco et al., 2006). Taken all these results together, 
and consistent with the proposed ‘quartet model’ of MADS domain transcription factor 
function (Theissen, 2001; Theissen and Saedler, 2001), we propose that the conserved higher-
order protein complex Bs-D-E is necessary to determine endothelium identity, at least in 
petunia and Arabidopsis. Despite the similarities in protein interactions and ternary complexes 
formed with ABS and FBP24, the mutant complementation experiments revealed that FBP24
cannot replace ABS in Arabidopsis. This lack of complementation by FBP24 cannot be 
explained by the failure to form heterologous higher-order protein complexes, because FBP24 
was able to form complexes with STK and SEP3 in yeast (de Folter, Immink, and Angenent, 
unpublished results). Possibly, the heterologous protein complex possesses a different affinity 
for target DNA sequences or, alternatively, the target DNA sequences have evolved 
differently in the two species. Another explanation could be that a specific cofactor is missing 
or unable to bind, and hence the complex is not able to act on the downstream target genes. A 
recent study with the C-type genes in Antirrhinum and comparison with Arabidopsis 
demonstrated that paralogs may evolve differently in different species. The Antirrhinum 
ortholog of AG is FARINELLI (FAR), but the paralog PLENA (PLE) is the equivalent of AG 
from a functional point of view (Causier et al., 2005). In a similar way, the presumed 
orthologous B-sister genes FBP24 and ABS may have deviated slightly after the divergence of 
the Asterids (petunia) and Rosids (Arabidopsis).
EXPERIMENTAL PROCEDURES 
Plant growth 
Petunia hybrida, Arabidopsis thaliana, transgenic and mutant plants were grown 
under normal greenhouse conditions (22°C, long day light regime). The fbp24 transposon 
insertion mutant was in a petunia W138 background and all other petunia experiments were 
conducted in the W115 background. The Arabidopsis abs mutant was in the ecotype 
Wassilevskija-3 (Ws-3), the ET447 enhancer detector line in Landsberg erecta (Ler), and 
ectopic expression studies were performed in Columbia-0 (Col-0).  
Two closely related MADS box genes involved in ovule and seed development 
127
Sequence analyses 
Full length amino acid sequence comparisons were performed using the multiple 
sequence alignment program ClustalX (v 1.5b) (Thompson et al., 1997). A phylogenetic tree 
was generated using the neighbor-joining method in ClustalX and bootstrap analysis was 
performed on 100 data sets, and branches with values of <50 were collapsed. The tree was 
visualized using the software program TreeView (v 1.6.6) (Page, 1996). Sequences included 
in the phylogenetic analysis were from Arabidopsis (AG, X53579; STK, U20182; SEP3, 
AF015552; ABS, AJ318098; PI, D30807; AP3, M86357) and from petunia (FBP6, X68675; 
pMADS3, X72912; FBP7, X81651; FBP11, X81852; FBP5, AF335235; FBP2, M91666; 
FBP24, AF335242; FBP1, M91190; pMADS2, X69947; PhTM6, AY532264; pMADS1, 
X69946).
Construction of binary vectors and plant transformation 
The FBP24 (AF335242) ORF was PCR amplified and subcloned into pGEM®-T Easy 
(Promega, Madison, WI). In parallel, the expression cassette of the pGD120 vector (Immink 
et al., 2002; Nougalli Tonaco et al., 2006) was cloned as AscI-PacI fragment into the 
pBINPLUS vector (van Engelen et al., 1995), giving the binary expression vector pGD121. 
Subsequently, the FBP24 coding region was transferred by XbaI/XhoI digestion into the 
binary pGD121 vector, resulting in the construct pGD614. Cloning of the ABS-I (AJ318098) 
and ABS-II (AY141212, shorter version) ORFs were described previously (Parenicová et al., 
2003; de Folter et al., 2005). The genomic ABS locus was amplified by PCR in a similar way 
as the previously described ABS ORFs and recombined into pDONR-207 (Invitrogen, 
Carlsbad, CA) to generate a Gateway entry clone. Subsequently the obtained ABS clone 
was recombined into the binary Gateway over-expression vector pGD625, under the control 
of the double 35S CaMV enhancer, resulting in the pGD797 construct. The pGD625 
Gateway destination vector was made by changing the orientation of the expression cassette 
in pGD120 by digestion with EcoRI, followed by ligation, resulting in pGD622. The pGD622 
vector was digested with XbaI, treated with Klenow fragment, followed by ligation of the 
Gateway RF-A cassette (Invitrogen), resulting in pGD624. Finally, this vector was digested 
with AscI/PacI to transfer the complete expression cassette to an AscI/PacI digested pBIN19 
binary vector (Bevan, 1984). The binary pFBP7:GUS reporter construct 
(pFBP202/pARC443) was described previously (Colombo et al., 1997). Constructs 
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pARC675, 676, and 677, expressing FBP24, ABS-II, and ABS-I under control of the FBP7
promoter, respectively, were obtained as follows. Initially, the FBP7 promoter fragment 
(pFBP7) was PCR amplified, using the binary FBP7:GUS construct (pARC443) as template, 
and adding a 5’-AscI site and a 3’-NcoI site to the promoter. The obtained fragment was 
cloned into pGEM®-T Easy (Promega). In parallel ABS-I, ABS-II and FBP24 full-length 
coding regions were amplified by PCR, adding a NcoI site to the 5’-end and a SacI site to the 
3’-end. All three fragments were cloned into pGEM®-T Easy (Promega). Subsequently, all the 
obtained pGEM®-T Easy vectors were partially digested with NcoI/SacI, and the MADS box 
gene fragments were cloned behind the pFBP7 fragment. In the next step the three “pFBP7-
MADS box gene” fragments were cloned as AscI/SacI fragments into the binary pGD121 
vector. In the latter step the 35S CaMV promoter of pGD121 is replaced by pFBP7. The final 
constructs were analyzed by sequencing (DYEnamic ET Terminator Cycle Sequencing Kit, 
Amersham Biosciences, Piscataway, NJ) and designated pARC675, pARC676 and pARC677.
abs mutant identification 
The T-DNA insertion in the AGL32/ABS/TT16 locus (At5g23260) was identified in 
the T-DNA population of the Knockout Facility of Wisconsin (Sussman et al., 2000). The 
position of the T-DNA insert was determined by PCR and sequencing and was localized in 
the 3’ region of the first intron, 51 nucleotides upstream of the start of the second exon. This 
novel abs allele was designated as tt16-6, in accordance with the nomenclature used by Nesi 
et al. (2002) and Kaufmann et al. (2005).
RNA gel blot analysis and in situ hybridization 
Total RNA was isolated from frozen plant tissue according to Verwoerd et al. (1989). 
Five micrograms of each RNA sample was denaturated by 1.5 M glyoxal, separated on a 
1.2% agarose gel in 15 mM Na-phosphate buffer pH 6.5, checked for equal loading, and 
followed by blotting onto Hybond-N + membrane (Amersham Biosciences) in 25 mM Na-
phosphate buffer pH 6.5. Probes were labelled with the RadPrime DNA Labeling System 
(Invitrogen, Carlsbad, CA) and blots were hybridized as described by Angenent et al. (1992). 
Probes were prepared by amplification of specific 3’ regions with the following primers: 
FBP24, PRI112, 5’- CTCGTGCCGATTCGGCACGAGTG and PRI657, 5’- 
TGTCGACGATCAGTCA-TAACTAGGGCC, ABS, PRI668, 5’-
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CTCATTGACCGATACTTGCATACC and PRI416, 5’-
CCGTCGACTTAATCATTCTGGGCCGTTGGATC.
In situ hybridizations were performed as described by Cañas et al. (1994). Initially, a 
PCR was performed with a T7 primer and a FBP24 specific forward primer (PRI656, 5’-
GATGATCATTATGGGGAGGGG), using the pBD-GAL4-FBP24 plasmid as template. 
Subsequently, 10 µl of the obtained PCR product was used to synthesize the digoxigenin-
labelled RNA probe by T7 polymerase-driven in vitro transcription, according to 
manufacturer’s instructions (Boehringer Mannheim GmbH, Germany).  
Microscopy 
Petunia ovaries of the fbp24 knock-down lines and wild-type W115 were fixed in a 
solution of three parts 50% ethanol with one part of acetic acid, and incubated twice for 10 
min with vacuum applied at room temperature. The material was rinsed with 70% ethanol and 
incubated overnight, followed by dehydration in a series of alcohol solutions (70, 96, and 
100% ethanol) for 15 min each. The material was embedded in hydroxy-ethylmethacrylate 
Technovit 7100 (Heraeus Kulzer, Wehrheim, Germany) according to manufacturer’s 
instructions, and as described previously (Angenent et al., 1993). Sections (5-8 Pm) were 
made on a rotary microtome (Reichert-Jung 2040) and stained for 1 min with a solution of 1% 
toluidine blue and 1% sodiumtetraborate (w/v) in distilled water.
Whole-mount vanillin staining was performed on ovules and developing seeds in a 
solution of 1% (w/v) vanillin (Sigma) in 6 N HCl at room temperature for 10 min. Clearing of 
ovules and developing seeds was obtained by incubation in Hoyer’s solution (7.5 g Arabic 
gum, 100 g chloral hydrate, 5 ml glycerol, and 60 ml water) (Liu and Meinke, 1998) for a few 
hours to overnight at room temperature.  
To detect E-glucuronidase (GUS) activity (Jefferson et al., 1987), Arabidopsis 
inflorescences and siliques were fixed in 90% ice-cold acetone for 1 h at –20°C, followed by 
three rinses with 0.1 M Na-phosphate buffer pH 7.0 containing 1 mM potassium ferrocyanide. 
The three rinse steps in total took 1 h and during the first rinse step vacuum was applied for 
~15 min. Finally, the substrate was added to the samples, containing 50 mM Na-phosphate 
buffer pH 7.0, 1 mM EDTA, 0.1% (v/v) Triton X-100, 1 mM potassium ferrocyanide, and 1 
mM X-Gluc (Duchefa, Haarlem, The Netherlands), and vacuum was applied for 5 min, 
followed by incubation from overnight to several days at 37°C in the dark. Chlorophyll was 
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removed by first 1 h incubation in 96% ethanol and then transferred to 70% ethanol. After 
GUS detection and chlorophyll removal, Arabidopsis tissue used for embedding was 
transferred to 96% ethanol, followed by manufacturer’s instructions for Technovit 7100 
embedding (Heraeus Kulzer). All samples were observed with a Nikon Optiphot microscope 
equipped with Normaski optics or a Zeiss Stemi SV8 stereo microscope.   
Protein-protein interactions 
All yeast two-hybrid experiments were performed as described by Immink et al. 
(2003) and all three-hybrid experiments as described by Ferrario et al. (2003). Higher-order 
complex formation was scored after incubation of the yeast at room temperature for at least 5 
days. The gene encoding for the third protein was cloned into the pREDnlsA vector (Ferrario 
et al., 2003). FBP2 was cloned with a truncation at the 3’-end, to overcome the strong auto-
activation by the encoded protein, as described (Ferrario et al., 2003). The SEP3 protein gives 
auto-activation as well; however, this could be overcome by screening at 3 amino-triazole 
(3AT) concentration above 40 mM. Therefore, the full-length SEP3 ORF was cloned into the 
pREDnlsA vector, and used in the screens for higher-order complex formation at high 
concentrations of 3AT. For the interaction studies with Arabidopsis MADS domain proteins 
the previously generated Gateway compatible yeast two-hybrid vectors were used (de 
Folter et al., 2005), whereas for the petunia experiments, the vectors generated by Immink et 
al. (2003) and Nougalli Tonaco et al. (2006), were used.
SUPPLEMANTARY MATERIAL 
Figure S1. Northern blot analysis of FBP24 expression levels in transgenic petunia plants. 
Figure S2. Northern blot analysis of FBP2 and FBP7 expression levels in the fbp24 knock-
down mutant. 
Figure S3. Reporter GUS expression of the 35S CaMV and the FBP7 promoter in a wild-type 
Arabidopsis inflorescence.
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ABSTRACT 
Floral organs, whose identity is determined by specific combinations of homeotic 
genes, originate from a group of undifferentiated cells called the floral meristem. In 
Arabidopsis, the homeotic gene AGAMOUS (AG) terminates meristem activity and promotes 
development of stamens and carpels. To understand the program of gene expression activated 
by AG, we followed genome-wide expression during early stamen and carpel development. 
The AG target genes included most genes for which mutant screens revealed a function 
downstream of AG. Novel targets were validated by in situ hybridization and binding to AG 
in vitro and in vivo. Transcription factors formed a large fraction of AG targets, suggesting 
that during early organogenesis, much of the genetic program is concerned with elaborating 
gene expression patterns. The results also suggest that AG and other homeotic proteins with 
which it interacts (SEPALLATA3, APETALA3, PISTILLATA) are coordinately regulated in 
a positive-feedback loop to maintain their own expression, and that AG activates biosynthesis 
of gibberellin, which has been proposed to promote the shift from meristem identity to 
differentiation.
INTRODUCTION
The genetic control of floral organ identity is one of the most remarkable examples of 
how regulatory genes determine plant structure (reviewed by Ferrario et al., 2004; Zik and 
Irish, 2003a). A flower starts its development as a group of undifferentiated cells (the floral 
meristem), which arises on the flank of the shoot apical meristem. The floral meristem gives 
rise to organ primordia, which develop into each of the four types of floral organs: sepals, 
petals, stamens and carpels. The identity of these organs is specified by homeotic genes, most 
of which encode MADS-domain transcription factors. The homeotic genes are expressed in 
different but partially overlapping domains in the floral meristem, and the specific 
combination of homeotic genes active in each organ primordium directs the development of 
its organ type. These partially overlapping expression domains are set up by genes that are 
active in the meristem, but subsequently the expression and function of the homeotic genes is 
maintained throughout organ development. 
The molecular basis for the combinatorial action of homeotic genes may be that in each 
case, the corresponding proteins are assembled into a different protein complex. For example, 
stamen development requires combination of the homeotic genes AGAMOUS (AG),
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APETALA3 (AP3), PISTILLATA (PI) and at least one of the SEPALLATA (SEP1, SEP2 and 
SEP3) genes, whereas carpel development occurs when AG and SEP are expressed, but not 
AP3/PI (Bowman and Meyerowitz, 1991; Honma and Goto, 2001; Jack et al., 1992; Krizek 
and Meyerowitz, 1996; Pelaz et al., 2000; Yanofsky et al., 1990). Based on protein-protein 
interactions in yeast and on co-immunoprecipitation, it has been proposed that stamen 
development is directed by a protein complex in which SEP3 bridges the interaction between 
AG and the AP3/PI heterodimer; similarly, the direct interaction between SEP3 and AG in 
yeast suggests that these two proteins associate to control carpel development (Honma and 
Goto, 2001).
Presumably each of the complexes containing homeotic proteins selects a different set 
of downstream target genes that participate in the development of a specific organ type, 
although the exact composition of these complexes in vivo, and how they select different 
target genes, remains unknown (Jack, 2001). To understand how the activity of homeotic 
genes is combined and translated into the patterns of cell division and differentiation that 
actually shape the floral organs, it is necessary to identify these downstream targets. However, 
very little is known about the genes that function downstream of the floral homeotic genes.  
Genetic analysis has revealed some intermediate regulatory genes that control specific 
aspects of floral organ development. For example, AG activates SPOROCYTELESS (SPL),
which controls sporogenesis in both stamens and carpels (Ito et al., 2004). SUPERMAN (SUP)
controls cell proliferation in stamen and carpel primordia and its expression depends on AG, 
AP3 and PI (Sakai et al., 2000; Sakai et al., 1995). The SHATTERPROOF genes (SHP1 and 
SHP2) are required in the carpel margins for differentiation of the dehiscence zone, where 
later the fruit splits open to release the seeds (Liljegren et al., 2000). SPATULA (SPT) controls 
cell differentiation at the carpel margins and in the transmitting tract (the tissue that guides the 
growth of pollen tubes towards the ovules) (Bowman and Smyth, 1999; Heisler et al., 2001) 
and CRABS CLAW (CRC) participates in directing the development of tissues derived from 
the abaxial side of the carpel primordium (e.g., the outer epidermis) (Eshed et al., 1999).  
A more comprehensive view of gene expression in floral organs came from transcript 
profiling experiments comparing wild-type and homeotic mutants (Wellmer et al., 2004; Zik 
and Irish, 2003b). These experiments revealed hundreds of genes that are preferentially 
expressed in different organs, but these were mostly expressed at late stages of development 
and were probably only indirectly dependent on the floral homeotic genes (Wellmer et al., 
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2004). To fully understand the program of gene expression controlled by the floral homeotic 
genes, it is necessary to know how it unfolds from organ initiation to maturity. Here, we 
report the results of a global analysis of the program of gene expression triggered by AG, 
from the onset of organogenesis to early stages of reproductive organ development.  
MATERIALS AND METHODS 
Plant material 
Plants were grown on a mix of vermiculite:soil:sand at 18qC with 16-hour light/8-hour 
dark cycles. All mutants (ag-3, ap1-1, ap1-1 cal-1 and ag-3 ap1-1) and AGGR were in Ler
background, which was used as the wild type. 
Dexamethasone (Sigma, stock solution 10 mM in ethanol) was used at a final 
concentration of 10 PM in Silwet L-77 0.015%, applied directly on the inflorescence tips; for 
mock treatments, the solution contained the same amount of ethanol (0.1%) and Silwet L-77. 
After treatment, RNA was extracted from inflorescence apices and stored at -70°C until 
activation of AGGR was confirmed (2 weeks later). 
Scanning electron microscopy (SEM) 
Plants were fixed in 2,5% glutaraldehyde in phosphate-buffered saline (PBS) at 4°C 
overnight, dehydrated in an ethanol series, critical-point dried in liquid CO2, sputter-coated 
with gold palladium, analysed and photographed with a Philips XL 30 FEG SEM. 
RNA isolation
Total RNA was extracted using TRI reagent (Sigma) according to the manufacturer’s 
instructions. For array hybridisation, the RNA was cleaned up with RNeasy columns (Qiagen) 
and precipitated to increase final concentration. 
Array hybridisation and analysis of expression data 
Gene Chip arrays were hybridized as in the manufacturer’s protocol (Affymetrix). To 
calculate p-values for increase or decrease in expression, the Wilcoxon signed-rank test 
(Hubbell et al., 2002; Liu et al., 2002) was applied to each pair of chips after normalisation 
across all probe sets, using Micro Array Suite 5.0 (Affymetrix). To calculate fold differences 
in expression, raw expression levels were imported from Micro Array Suite 5.0 into Gene 
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Spring 5.1 (Silicon Genetics) and normalized first to the 50th percentile of each chip, then 
across all chips before further analysis.
Reverse transcription-PCR (RT-PCR) 
Total RNA (2 µg) was treated with RNase-free DNase, and first strand cDNA was 
synthesised using oligo(dT) primer (Invitrogen) and Superscript RT (Invitrogen). Aliquots of 
the cDNA were used as template for PCR with gene specific primers (see Table S3 in 
supplementary material). 
In situ hybridisation 
RNA was hybridised in situ (Fobert et al.1996), using digoxygenin-labelled probes 
transcribed with T7 polymerase from linearised plasmid (pGEM-T easy, Promega) containing 
3' cDNA fragments. Colour detection was performed with BCIP/NBT according to the 
manufacturer’s instructions (Boehringer). 
Production of recombinant AG protein 
To produce AG protein, the AG ORF was PCR amplified from pCIT1516 vector 
(Yanofsky et al., 1990) and cloned into pRSET-A (Invitrogen). BL21(DE3) pLysE cells were 
transformed with the construct, and His-AG proteins were expressed under the control of the 
T7 promoter. To prepare recombinant His-AG, inclusion bodies were purified using the 
BugBuster HT Protein Extraction Reagent (Novagen), according to the manufacturer's 
instructions, dissolved in dialysis buffer (20mM Tris, 100 mM KCl, 1 mM EDTA, 1 mM 
DTT, 1 mM PMSF, 12% glycerol, pH 8.0) containing 6M urea, dialysed overnight against the 
same buffer without urea and stored at -20qC.
Electrophoretic mobility shift assays (EMSA) 
Probes were made from complementary oligonucleotides (see Table S3 in 
supplementary material), annealed in 20 mM Tris (pH 8.0), 50 mM NaCl, 1 mM EDTA, 
labelled with 32P by filling in with DNA polymerase I (Klenow fragment), and gel-purified 
prior to use. DNA-binding assays and gel electrophoresis were essentially as described 
previously (Riechmann et al., 1996). 
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Chromatin immunoprecipitation (ChIP)
The procedure was adapted from Ito et al. and Wang et al. (Ito et al., 1997; Wang et 
al., 2002). Inflorescence tissue (~ 1 g) of Col-0 plants was fixed with 1% formaldehyde in MC 
buffer [10 mM sodium phosphate (pH 7.0), 50 mM NaCl, 0.1M sucrose) for 1 hour under 
vacuum on ice. Fixation was stopped with 0.125 M glycine, followed by three washes with 
MC. The tissue was ground in liquid nitrogen, the powder was suspended in M1 buffer [10 
mM sodium phosphate (pH 7.0), 0.1 M NaCl, 1 M 2-methyl 2,4-pentanediol, 10 mM E-
mercaptoethanol, Complete¥ Protease Inhibitor Cocktail (Roche Diagnostics GmbH, 
Mannhein, Germany)], the slurry was filtrated through 55 Pm mesh and centrifuged at 1,000 g
for 10 minutes. Subsequent steps were at 4°C unless indicated otherwise. Filtration and 
centrifugation were repeated twice, then the pellet was washed five times with M2 buffer (M1 
buffer with 10 mM MgCl2, 0.5% Triton X-100) and once with M3 buffer (M1 buffer without 
2-methyl 2,4-pentanediol). The nuclear pellet was resuspended in 1 ml Sonic buffer [10 mM 
sodium phosphate (pH 7.0), 0.1 M NaCl, 0.5% Sarkosyl, 10 mM EDTA, Complete¥ Protease 
Inhibitor Cocktail (Roche Diagnostics GmbH), 1 mM PMSF]. Chromatin was solubilised on 
ice with a probe sonicator (MSE, Soniprep 150) by 25 cycles of 15 second pulses of half 
maximal power and 30 seconds cooling time between pulses. After sonication, the suspension 
was centrifuged (microcentrifuge, top speed) for 5 minutes and the supernatant was mixed 
with one volume of IP buffer [50 mM Hepes (pH 7.5), 150 mM KCl, 5mM MgCl2, 10 PM
ZnSO4, 1% Triton X-100, 0.05% SDS]. The solubilised chromatin was pre-adsorbed with 7.5 
Pl antiserum against CLAVATA3 (CLV3) (sc-12598, Santa Cruz Biotechnology, Santa Cruz, 
CA) (used as AG-negative serum due to the lack of pre-immune serum). After centrifugation, 
the supernatant was mixed with 40 Pl protein G-Sepharose [Sigma, 50% slurry in 10 mM Tris 
(pH 7.5), 150 mM NaCl] and incubated on a rotating wheel for 1 hour. After centrifuging, the 
supernatant was equally divided over two tubes with 2.5 Pl AGAMOUS antiserum (AG, sc-
12697, Santa Cruz Biotechnology) or 2.5 Pl CLV3 serum (control). After 1 hour on a rotating 
wheel and centrifugation, the supernatant was mixed with 20 Pl protein G-Sepharose (Sigma) 
before incubation for another hour on the rotating wheel. The protein G-Sepharose beads were 
washed five times with 1 ml IP buffer for 10 minutes at room temperature. Elution with 0.1 M 
glycine, 0.5 M NaCl, 0.05% Tween-20 (pH 2.8) was as described (Wang et al. 2002). The 
eluate was treated with 1 Pl RNase A (10 mg/ml) and proteinase K (to final of 0.5 mg/ml). 
After overnight incubation, a second aliquot of proteinase K was added and incubated at 65qC
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for 6 hours. After phenol/cloroform, then chloroform extraction, DNA was precipitated with 
2.5 volumes of ethanol, one-tenth volume 3M NaAc (pH 5.4) and 1 Pl glycogen, and 
resuspended in 10 Pl of 10 mM Tris (pH 8).  
ChIP PCR was performed to reveal if a specific DNA fragment was enriched in the 
immunoprecipitated DNA sample compared with the pre-immune DNA sample. Primers were 
designed around the consensus AG binding sites and control primers were made for regions 
lacking the consensus AG binding site. Template ChIP DNA was diluted, amplified for 35 to 
40 cycles (see Fig. 5), and analysed on a 1.5% agarose gel, followed by scanning with a 
Molecular Imager FX-PRO Plus (Bio-Rad Laboratories, Hercules, CA). The primer 
sequences were (5’ to 3’): 
CRC, TGGATGCATGAATAATGGGTAG and CGTGGACTAGAAATAATG-AGACGA;
AP3, CGGAGCTCCGTTAATAAATTGACG and TTTGGTGGAGAGGA-CAAGAGA; 
AP3 exon 7, AACATGTTTTGGTGAATTAGGAA and GCACCAGCA-AACCTTTTAGC; 
GA4, TTGTCCCTTTATATACGCATTAATCA and GAGACCA-AGAGGAGGCAAAA; 
AG, TGGTCTGCCTTCTACGATCC and CAACAACCC-ATTAACACATTGG; SEP3,
CGGCCATATCCACTTTTACG and TTTTTGGGA-TAATTTTACTTTCCAC; and EIF4A1
control, TCTTGGTGAAGCGTGATGAG and GCTGAGTTGGGAGATCGAAG.  
RESULTS
Activation of AG in cal-1, ap1-1 plants induced synchronised stamen and carpel 
primordia.
To follow changes in gene expression after stamen and carpel initiation, we generated 
plants with AG under external control. Plants were transformed with a construct in which the 
35S promoter directed a fusion between AG and part of the rat glucocorticoid receptor (GR), 
as reported previously (Ito et al., 2004); for simplicity, we will refer to the 35S:AG-GR
construct as AGGR. In the loss-of-function ag-3 mutants, AGGR rescued development of 
stamens and carpels only when the plants were treated daily with the steroid dexamethasone 
(DEX), confirming that the AG-GR fusion could replace AG function (Fig. 1A-D).
To focus on early organogenesis, AGGR was combined with the ap1-1 and cal-1 mutations. 
AP1 and CAL act redundantly to specify floral meristem identity. The double mutant 
accumulates indeterminate lateral meristems that fail to initiate floral organs (Kempin et al., 
1995; Fig. 1E,G), although the defect can become less severe late in development,  
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Figure 1. Steroid-inducible stamen and 
carpel development. (A, B) ag-3, AGGR
inflorescences, mock-treated (A) or treated 
with dexamethasone (DEX; B). (C,D) 
Close-up of flowers from the plants shown 
in A,B; while the mock-treated plants 
shows an indeterminate number of sepals 
and petals (C), DEX treatment has induced 
stamen (st) and carpel (ca) development 
(D). (E,F) cal-1, ap1-1, AGGR
inflorescences, two weeks after mock 
treatment (E) or treatment with DEX (F). 
Note that the mass of meristems in E 
(similar to those shown at high 
magnification in G) compared with the 
mature stamens and carpels in (F). (G-I) 
Scanning electron micrographs of cal-1, 
ap1-1, AGGR inflorescences 1 day (G), 3 
days (H) and 7 days (I) after DEX 
treatment. The arrows in H indicate 
meristems that are beginning to produce 
organ primordia; in I, developing stamens (st) and carpels (ca) are morphologically identifiable. Scale bars: 5 
mm in A,B; 1 mm in C-F; 100 µm in G-I. 
allowing flowers to form (Ferrandiz et al., 2000). Expression of AG under the 35S promoter 
in ap1-1, cal-1 plants restored robust stamen and carpel development (Mizukami and Ma, 
1997). In AGGR, ap1-1, cal-1 plants, DEX treatment induced stamen and carpel formation, 
whereas mock-treated controls remained meristematic (Fig. 1 E,F). A single DEX treatment 
was sufficient for full stamen and carpel development, which followed a time course 
comparable to wild-type development (Smyth et al., 1990) (Fig. 1F). However, in AGGR,
ap1-1, cal-1 plants that were also homozygous for the ag-3 mutation, organ development 
required daily DEX treatments (not shown), implying that a single DEX treatment initiated 
stamen and carpel development that was subsequently sustained by the endogenous AG. Thus, 
although an artificial construct was used to trigger organogenesis, subsequent development 
was controlled by the endogenous gene, followed the normal time course and yielded fully 
functional organs.
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Figure 2. Summary of changes in gene expression 
after AGGR activation. (A,B) Venn diagrams 
showing the number of genes significantly 
activated (A) or repressed (B), 1, 3 or 7 days after 
DEX treatment. The grey area contains the 12 
genes chosen for more detailed analysis because 
their activation was sustained during the time 
course. (C) Predicted functions of the proteins 
encoded by the genes in A. The ratio between 
number of genes and the area of the coloured 
sections is the same across the diagrams for 1, 3 
and 7 days after AGGR activation.   
In plants treated in parallel with solution lacking DEX, organogenesis was not seen, 
while the frequency of DEX-induced organogenesis after a single DEX treatment ranged 
between 30% and 100% of plants in different experiments. Individual DEX-treated plants 
showed an all-or-nothing response (i.e. either robust organ induction in all treated 
inflorescence apices, or no induction). AGGR was still expressed in plants that failed to 
initiate organs in response to DEX (not shown), so transgene silencing was unlikely to be the 
cause of the variable organ induction. The all-or-nothing response suggested that organ 
induction was a bistable switch (see Discussion). 
Global analysis of gene expression during AG-induced organogenesis
To screen for genes whose expression changed in ap1-1, cal-1 meristems after AG
activation, we used the Arabidopsis ATH1 high-density oligonucleotide array (Affymetrix). 
Three time points were chosen after a single DEX treatment of 35S::AG-GR, cal-1, ap1-1
meristems: one day, when no morphological changes were visible, three days, when the 
earliest signs of organ primordia were seen, and seven days, when stamen and carpel 
primordia were recognisable (Fig. 1G-I). To ensure that the samples came from plants in 
which organogenesis had been induced, a few treated meristems were left on each plant and 
organ development was checked after two weeks. For each time point, two independent 
samples with AGGR activated were compared with two mock-treated controls, giving four 
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possible combinations of treatment versus control. Genes up- or downregulated were defined 
independently for each time point as those with a statistically significant change in all four 
treatment/control pairs (Wilcoxon signed-rank test, P<0.05) (Hubbell et al., 2002; Liu et al., 
2002) and a mean change of at least twofold.  
Using these filtering criteria, 149 of the 22,810 genes represented on the array were 
upregulated in at least one of the three time points (Fig. 2A and Tables S1 and S2 in 
supplementary material). Based on their predicted molecular function, the majority of these 
genes fell into three classes: unknown function (50), DNA-binding proteins (38) and 
metabolic enzymes (30) (Fig. 2C). The set of upregulated genes contained most of the known 
genes with a specific role in stamen and/or carpel development, including AG itself (Yanofsky 
et al., 1990), AP3 (Jack et al., 1992), PI (Goto and Meyerowitz, 1994), SEP1, SEP2 and SEP3
(Pelaz et al., 2000), SUP (Sakai et al., 1995), CRC (Bowman and Smyth, 1999) and SHP1,
SHP2 (Liljegren et al., 2000). JAGGED (JAG) (Dinneny et al., 2004; Ohno et al., 2004), 
which controls the development of leaves and floral organs, was also activated, in addition to 
four (At2g01520, At3g04960, At4g21590, At5g57720) of ten uncharacterized genes whose 
expression correlated with that of floral homeotic genes during floral induction (Schmid et al., 
2003). Thus our array experiment independently detected many of the genes expected to 
function downstream of AG, based on previous genetic and array-based experiments. 
The set of downregulated genes was smaller (16 on day 1, 9 on day 3, 43 on day 7; 
Fig. 2B and Tables S1 and S2 in supplementary material) and included only one gene with a 
well-known role in floral development. UFO is expressed in meristems, functions upstream of 
the floral homeotic genes to set the pattern of AP3 expression and is only expressed at the 
earliest stages of reproductive organ development (Ingram et al., 1995; Lee et al., 1997; Levin 
and Meyerowitz, 1995). Accordingly, UFO appeared among the genes that were repressed at 
day 7 of organ development.  
A set of 1453 genes expressed mostly at relatively late stages in specific floral organs 
has been identified by comparing the transcripts in wild-type and homeotic mutant flowers 
(Wellmer et al., 2004). The overlap between these genes and our list of AG-regulated genes is 
relatively small (20 of the 149 AG-activated genes and six of the AG-repressed genes; see 
Tables S1 and S2 in supplementary material), suggesting that the transcriptional program in 
early organogenesis is distinct from that in late organs.   
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Genes that showed sustained activation are expressed in wild-type carpel and stamen 
development
To confirm independently of the array data that we have identified genes controlled by 
AG, we focused on genes that were activated in multiple time points after AG induction.  A 
set of twelve genes were upregulated on day 1 or 3 and then remained activated until day 7 
(Fig. 3A). This set includes four well-known regulators of stamen or carpel development 
(AP3, CRC, AG, SEP3) and two genes implicated in the biosynthesis of the growth regulator, 
gibberellin: GA4 encodes an enzyme that catalyses the production of bioactive gibberellin 
(Williams et al., 1998) and ATH1 encodes a homeodomain protein proposed to regulate 
gibberellin biosynthetic genes (Garcia-Martinez and Gil, 2001). The remaining six genes 
encode a B3 domain protein (At3g17010), a zinc-finger protein (At1g13400) related to SUP,
a homologue (At3g11000) of a protein implicated in somatic embryogenesis in carrot 
(Schrader et al., 1997), a predicted bifunctional nuclease (At4g21590), a WD-domain protein 
(At1g47610) and a protein (At1g02190) similar to CER1, which is involved in the synthesis 
of epicuticular wax and in pollen development (Aarts et al., 1995).  
Figure 3. Expression levels of selected genes after AGGR activation. (A) Expression detected on the 
oligonucleotide array. M1 to M7 and D1 to D7 indicate 1, 3 and 7 days after mock treatment and DEX treatment, 
respectively. The coloured rectangles show normalised mean expression according to the colour scale on the left; 
the levels are shown only when the difference between mock and DEX treatment was statistically significant. 
The 12 genes in the grey box showed sustained activation and correspond to the grey area in Fig. 2A. Additional 
genes with previously characterised roles in stamen or carpel development and with significant activation only at 
day 7 are also shown. (B) Activation of the 12 genes in the grey box in Fig. 2A, confirmed by RT-PCR (in the 
case of AG, the primers used did not amplify AGGR). M1-7 and D1-7 are as in A; APT1 (adenosine 
phosphotransferase) was used as a constitutive control.  
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Activation of all 12 genes in cal-1, ap1-1, AGGR plants was verified by RT-PCR 
using a new set of RNA samples collected 1, 3 and 7 days after treatment (Fig. 3B). Genes 
controlled by AG should also be active during stamen or carpel development in wild-type 
flowers. This has already been shown for AP3, AG, SEP3 and CRC; for other genes in the set, 
expression was analysed by RNA in situ hybridisation (Fig. 4). At4g21590 was expressed in 
the centre of the floral meristem, in a pattern similar to that of AG, and continued to be 
expressed at later stages of stamen development (Fig. 4A,B). At3g17010 and At1g13400 were 
expressed in emerging stamen primordia and later in part of the developing carpels; 
expression of At3g17010, but not At1g13400, remained high in the sporogenous tissue of 
stamens and in the carpel ovary (Fig. 4C-E). Both genes implicated in gibberellin biosynthesis 
were expressed at very low levels in developing stamens: ATH1 expression was seen in the 
early organs, while GA4 was only detectable in the stamen filaments (Fig. 4F-H). Expression 
of At3g11000, At1g47610 and At1g02190 was below detection levels by in situ hybridisation. 
In all in situ hybridisation experiments, sense control probes showed only uniform 
background signal (not shown). 
Binding to AG in vitro and in vivo
We next tested whether the 12 genes in the "core" set contained AG binding sites. We 
scanned sequences upstream of the start codon for the CArG box bound by AG in vitro, 
TT(A/T/G)CC(A/T)6GG(A/T/C)AA (Shiraishi et al., 1993), accepting a maximum of two 
nucleotide mismatches, except when the mismatches eliminated either the CC or GG 
sequences flanking the A/T core. This level of stringency was calibrated using the well-
characterised CArG boxes present in the AP3 promoter and in the second intron of AG (Hill 
et al., 1998; Hong et al., 2003; Tilly et al., 1998). Of the remaining 10 genes, eight had at least 
one CArG box match within 3 kb upstream of the start codon (Fig. 5A); in all cases, binding 
to AG was confirmed in vitro (Fig. 5B).  
One caveat of detecting AG binding sites is that the frequency of CArG boxes in 
Arabidopsis genes is high: our search criteria detected at least one match in 49% of 27,186 
upstream 3 kb sequences (www.arabidopsis.org/cgi-bin/patmatch/nph-patmatch.pl). The 
likelihood of finding a match in eight out of ten genes, however, is relatively low (4.8%, 
assuming binomial distribution and 49% likelihood for any single gene). Thus our subset of 
12 genes was enriched for AG binding sites. A comparable enrichment was not seen for the  
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Figure 4. RNA in situ hybridisation of selected 
genes during wild-type floral development. (A,B) 
At4g21590. The arrows show expression in the 
centre of a stage 3 bud (A) and later in developing 
stamens (B). (C) At1g13400. Arrows indicate 
expression in emerging stamen primordia (st), and 
in the placental region in early carpels (ca). (D,E) 
At3g17010. Expression in emerging stamen 
primordia (st) is indicated in D; arrows in E 
indicate expression in the sporogenous tissue of 
stamens (st) and in the placental region of carpels 
(ca). (F) Expression of GA4 in stamen filaments 
(arrow). (G,H) Expression of ATH1 in developing 
stamens (st). For better contrast, the sections in 
A,B, G and H were photographed in aqueous 
medium, before the tissues were permanently 
mounted. 
complete set of AG-activated or repressed genes (matches were found in the upstream 3 kb 
sequences for 61% of the upregulated and 56% of downregulated genes, respectively), 
possibly because the complete set includes indirect AG targets.
Another caveat of the in vitro binding results is that multiple MADS domain proteins 
recognise similar sequences in vitro (Riechmann et al., 1996), so the CArG boxes might be 
targeted in vivo by MADS domain proteins other than AG. To confirm binding to AG in vivo, 
we used chromatin immunoprecipitation (ChIP) for a subset of genes of particular interest: 
AG, AP3, SEP3 and CRC (which suggested that AG activated itself and most of the other 
regulators of stamen and carpel identity); and GA4 (which suggested that another role of AG
is to promote gibberellin biosynthesis). Fragments of these genes containing the in vitro-
detected AG binding sites were enriched in immunoprecipitates obtained with antibodies 
against AG, but not with an unrelated antibody (Fig. 5C). By contrast, fragments that lacked 
AG binding sequences, such exon 4 of EIF4A1 (Fig. 5C) and exon 7 of AP3 (not shown),
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Figure 5. AG binds to candidate target genes. 
(A) Binding sites identified by sequence 
analysis. "m" is a mutated version of the 
binding site in AP3, used as a negative 
control. Next to each numbered binding site, 
the corresponding gene and sequence are 
shown, with mismatches to the consensus AG 
binding site 
TT(A/T/G)CC(A/T)6GG(A/T/C)AA (Shiraishi 
et al., 1993) marked in boldface. The white 
boxes represent sequences upstream of the 
start codon (except for AG, where the 
reference point is the 5' splice site of the 
second intron), with vertical lines indicating 
the position of the AG binding sites. The 
horizontal bars above some of the binding 
sites indicate the fragment amplified in the 
ChIP experiment (C). (B) Binding to AG in 
vitro, shown by electrophoretic mobility shift 
assays (EMSA). The probes contained the 
binding sites numbered in A. Each probe was 
incubated with extract from bacteria induced 
to express AG (+) or empty expression vector (-). In all experiments, the same amount of labelled probe was 
used and a lane with probe 2 (not shown) was included to adjust the exposure to comparable levels. (C) Binding 
to AG in vivo, shown by ChIP. Numbers correspond to the binding sites shown in A; in each panel, PCR 
amplification (35 cycles) of sequences containing the binding site (black bars in A) is compared in 
immunoprecipitates obtained with antiserum against AG (+) or CLV3 (-). In the last panel on the left, the fourth 
exon of EIF4A1 was used as a negative control lacking AG binding sequences; with 35 cycles (not shown), no 
band was seen; with 40 cycles (panel), similar levels of contaminating template were amplified. The results 
shown were replicated in two fully independent ChIP experiments.   
were detected to the same background levels with both antibodies. Thus AG interacted in vivo 
with predicted regulatory sequences of AG, AP3, CRC, SEP3 and GA4.
AG and AP1 maintain AP3 expression during organogenesis
The activation of AP3 by AG was not predicted by previous genetic and molecular 
analysis, particularly because AP3 is expressed normally in ag mutants (Jack et al., 1992) 
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(Fig. 6B). This, however, could be due to redundant activation by AP1 (Lamb et al., 2002; Ng 
and Yanofsky, 2001), which is normally repressed by AG in the centre of the floral bud 
(Gustafson-Brown et al., 1994) and could take over AP3 activation in the innermost organs of 
ag mutant flowers. To test this idea, we compared AP3 expression in the ag-3 mutant, in ap1-
1 and in the double mutant (Fig. 6).  
Figure 6. Maintenance of AP3 expression 
requires either AG or AP1. (A,C,E) Top 
view of inflorescence in ag-3 (A), ap1-1
(C), and in the ag-3, ap1-1 double mutant 
(E). (B,D,F) RNA in situ hybridisation 
with AP3 probe hybridised to longitudinal 
sections through the inflorescence apex of 
ag-3 (B), ap1-1 (D), and the ag-3, ap1-1
double mutant (F). Arrows point at a stage 
3 buds, where AP3 expression is initiated, 
and arrowheads indicate later expression 
during petal (B) and stamen (D) 
development. The sections of the three 
genotypes were hybridised in parallel on 
the same slides, to allow comparison of the 
expression levels. Scale bars: 1 mm in 
A,C,E. 
In the ag-3 mutant, stamens and carpels are replaced by additional whorls of sepals 
and petals (Yanofsky et al., 1990) (Fig. 6A). As expected, AP3 expression was readily 
detected in stage 3 buds and persisted throughout the development of both normal and ectopic 
petals of the ag-3 mutant (Jack et al., 1992) (Fig. 6B). In the ap1-1 mutant, petals are mostly 
absent and sepals are replaced by leaf-like organs that often subtend ectopic flowers (Mandel 
et al., 1992) (Fig. 6C). In this mutant, AP3 expression was normal in stage 3 and continued 
throughout stamen development (Fig. 6D). Like ag-3, the ag3-3, ap1-1 double mutant flower 
produced an indeterminate number of organs, which were leaf-like and subtended secondary 
flowers (Fig. 6E), similar to the first whorl organs of ap1-1. In the double mutant, early AP3
expression showed the normal pattern in both the primary and secondary flowers, while 
expression in later organ development was abolished (Fig. 6F).
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We conclude that early AP3 expression did not require AG or AP1 and was probably 
due to activation by other regulatory genes, such as LEAFY in combination with UFO (Lamb 
et al., 2002; Parcy et al., 1998). Maintenance of AP3 expression in later stages of floral 
development, however, required either AG or AP1.
DISCUSSION 
Regulators of floral organ identity function in an auto-regulatory module 
Positive auto-regulatory loops are a common device to stabilise expression patterns 
that arise from transient inputs during development (Davidson et al., 2002). Our results 
suggest that AG, AP3, PI and SEP3 are part of such an auto-regulatory loop: in ap1-1, cal-1
plants, transient AG activation was sufficient to trigger self-maintaining stamen and carpel 
development, during which AG, AP3, PI and SEP3 were activated; in addition, AG interacted 
directly with the AG, AP3 and SEP3 genes in vitro and in vivo.
Previously, auto-regulation of floral homeotic genes was known only for AP3 and PI
and their orthologs in snapdragon, DEF/GLO. In early buds, these genes are activated 
independently of each other, and, where they overlap, a positive feedback loop is established 
that maintains their expression during petal and stamen development (Jack et al., 1994; 
Schwarz-Sommer et al., 1992). Activation of AP3 by AP3/PI is likely to be direct, whereas 
activation of PI requires an intermediate protein synthesis step (Honma and Goto, 2000). In 
the case of AP3, the auto-regulatory loop is required only in stamens: AP3 expression is still 
maintained in the sepal-like organs that replace petals in the pi-1 mutant. This is an important 
point, because it shows that AP3 expression can be uncoupled from the organ identity directed 
by AP3/PI, and therefore the absence of AP3 expression in the developing organs of ag-3,
ap1-1 double mutants was not a trivial consequence of the fact that these organs were neither 
petals nor stamens. The requirement of AG to maintain AP3 expression when this role cannot 
be fulfilled by AP1 supported the idea that AG also participates in AP3/PI regulation.
The co-ordinated regulation of AG, AP3, PI and SEP3 would be expected if, as 
proposed by recent models, these proteins function together in the same protein complexes 
(Honma and Goto, 2001; Jack, 2001). In particular, if the predicted protein complexes are 
correct, the AP3/PI auto-regulatory loop should also require either AG or AP1 (which has also 
been proposed to form a complex with AP3/PI and SEP during petal development) (Honma 
and Goto, 2001). Our results confirmed this prediction.  
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However, if AG can only function when complexed with other MADS-domain 
proteins, then initiation of organogenesis by AGGR must have relied on partner proteins 
already present in the cal-1, ap1-1 meristems. One possibility is that a low level of AG-
independent expression of SEP, AP3 and PI genes provided the required partners. This initial 
expression could be controlled by the same mechanism that activates these genes 
independently of each other in early wild-type buds. The need to establish a regulatory loop to 
amplify initially limiting levels of its partners may be the reason why a single activation of 
AGGR in cal-1, ap1-1 meristems resulted either in no response, or in robust organogenesis in 
an apparently random fashion.  
In addition to AP3, CRC was strongly activated by AG. This was not expected, 
because of the genetic evidence that CRC can function in the absence of AG. In the ag-1, ap2-
2, pi-1 triple mutant, in spite of the loss of AG function, the floral organs develop several 
carpelloid features, such as stigmatic cells and ectopic ovules. In this background, loss of 
CRC function caused a clear reduction of these carpelloid features, showing that CRC does 
not require AG to direct carpel development (Alvarez and Smyth, 1999). Our results suggest 
that although independently activated, CRC expression is reinforced by AG. Previous genetic 
results suggest that this reinforcement may be mutual: loss of CRC weakens AG function, 
causing the heterozygous ag-1/AG plants, which normally have a wild-type phenotype, to 
show a partial ag loss-of-function phenotype (Alvarez and Smyth, 1999). It remains to be 
tested whether this occurs because CRC also activates AG, participating in the auto-regulatory 
loop.
We also saw that, at least in the cal-1, ap1-1 background, AG activated its own 
transcription. This could be inferred independently of the array experiments, from the fact that 
the endogenous AG was required for organogenesis in cal-1, ap1-1 plants after transient 
activation of AGGR, and was supported by the chromatin immunoprecipitation results. One 
difficulty with the idea that AG auto-regulates, however, is that AG is still expressed in the 
inner organs of ag-1 mutant flowers (Gustafson-Brown et al., 1994). Thus if AG activates 
itself during normal development, this activity must be redundant. As discussed above, if 
CRC participates in the AG regulatory loop, then CRC activity might account for the 
continued AG expression in ag flowers. 
Combined with the published data, our results suggest a model for how AG and other 
floral organ identity genes are co-ordinately regulated (Fig. 7). In stamen development, AG, 
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AP3, SEP3 and PI are initially expressed independently of each other. Where their expression 
overlaps, the predicted AG/SEP3/AP3/PI MADS protein complex (Honma and Goto, 2001; 
Jack, 2001) maintains and amplifies their expression. In carpel development, the predicted 
AG/SEP3 complex may establish a similar feedback loop, which also reinforces CRC
expression.
Figure 7. Model for the co-ordinated regulation of floral organ identity regulators. (A) In stamen development, 
AG, AP3, PI and SEP3 are initially activated independently (grey arrows) (Ferrario et al., 2004; Zik and Irish, 
2003a). LFY is responsible for the initial activation of AG, whereas early activation of AP3/PI occurs in areas of 
the meristem that express both LFY and UFO (Parcy et al., 1998). The AG, AP3, PI and SEP3 proteins (circles) 
function together in a complex to promote stamen development (Honma and Goto, 2001), and to amplify and 
maintain their own expression. Solid black arrows indicate direct interactions supported by ChIP; feedback 
activation of PI may be indirect (dashed arrow) (Honma and Goto, 2000). (B) The protein complex proposed to 
control carpel development contains AG and SEP3 (Honma and Goto, 2001). As in A, the initially independent 
expression of AG and SEP3 is maintained by a positive feedback loop. In addition, CRC expression is 
reinforced, although CRC expression can promote carpel development independently of AG (indicated by the 
parallel grey arrow) (Alvarez and Smyth, 1999). As in A, interactions supported by ChIP are indicated by solid 
black arrows. The possibility that CRC might also promote AG activity is indicated by the dashed arrow with a 
question mark. 
Interaction between AG and gibberellin 
  A link between gibberellin and homeotic genes has been shown previously via 
regulation of LEAFY (LFY), which activates homeotic genes in the early stages of floral 
development (Blazquez et al., 1998). More recently, gibberellin has been reported to activate 
floral homeotic genes at later stages of development, when LFY is no longer active (Yu et al., 
2004). Our results suggest that the reverse is also true, that is, homeotic genes positively 
regulate the gibberellin pathway. GA4 is part of a small family of genes that encode GA3-E-
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hydroxylases, which catalyse the last step in the biosynthesis of gibberellin and have a 
regulatory role in the pathway (Hedden and Phillips, 2000; Itoh et al., 1999; Talon et al., 
1990), so GA4 activation suggested that AG induced gibberellin biosynthesis during 
organogenesis.
Activation of GA4 by AG may be another branch of the homeotic gene autoregulatory 
loop. There may be, however, additional functions for gibberellin in floral organogenesis. 
Another gibberellin biosynthetic gene, encoding GA20-oxidase, is repressed by genes that 
maintain undifferentiated cells in the meristem, and activated in the leaf primordia that 
emerge from the meristem (Hay et al., 2002; Sakamoto et al., 2001). This suggests that 
gibberellin may have a more general role in the transition from meristem identity to 
organogenesis. This idea seems inconsistent with the fact that organ emergence is normal in 
gibberellin-deficient mutants, both during the vegetative phase and in flowers (the floral 
defects in ga1-3 become visible only at later stages of development) (Goto and Pharis, 1999; 
Wilson et al., 1992). However, even severe mutants such as ga1-3, still produce low levels of 
gibberellin (Hedden and Phillips, 2000), which might be sufficient for the proposed functions 
in early organ development. Although it is not clear what these functions might be, the known 
role of gibberellin in controlling cell growth and division (Yang et al., 1996) suggests that it 
might play a role in the localised changes in growth that drive the emergence of organ 
primordia from the meristem. If this is true in the floral organ primordia, then gibberellin 
could be part of the link between homeotic genes and the cellular behaviour that shapes floral 
organs.
Global view of gene expression in stamen and carpel primordia 
From the predicted protein functions of the 149 genes that were upregulated by AG, 
two prominent features emerged (Fig. 2). First, genes expected to function in transcriptional 
control were overrepresented (26%), compared to their total frequency in the genome (5.9%) 
(Riechmann and Ratcliffe, 2000). The fraction of regulatory genes increased over the time 
course from 13% (day 1) to 28% (day 3) to 34% (day 7). This contrasts with more mature 
organs, where the frequency of regulatory genes was 5.5%, similar to their representation in 
the genome (Wellmer et al., 2004), and suggests that up to 7 days after organ initiation much 
of the program of gene expression downstream of AG was concerned with refining patterns of 
gene expression. Complex cascades of transcription factors, as seen in early development of 
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Drosophila and sea urchin, also cause delayed responses to initial inputs and have been 
proposed to function as timing devices during development (Rosenfeld and Alon, 2003).   
Second, of the 36 predicted DNA-binding proteins that were upregulated at day 7, 
53% belonged to two transcription factor families (10 B3 domain, PFAM profile PF02362, 
and 9 MADS domain, PF00319). MADS domain proteins play a prominent role in floral 
development and the diversification of this family correlates with the evolution of plant 
reproductive structures (Theissen et al., 2000). Our data suggests that the B3 domain family 
has undergone a comparable diversification of roles in reproductive development.      
Developmental genetics has identified many regulatory genes whose expression 
determines where and when a specific structure or organ develops. The problem of 
understanding how regulatory gene expression is translated into complex multicellular 
structures is universal, and has led to a number of attempts to describe the gene expression 
programs controlled by these regulators (Furlong et al., 2001; Livesey et al., 2000; Michaut et 
al., 2003). Like other global descriptions of changes in gene expression during development, 
however, our view of gene expression under AG has two limitations. First, it is unlikely to be 
a complete picture, because we cannot exclude that genes with very low or localised 
expression were not missed, and because of the difficulties associated with detecting 
downregulation if it occurs only in a subset of the cells. Second, the set of genes controlled by 
AG probably cannot be organized within a single network of interactions, because they may 
represent the overlap of multiple programs of gene expression that run in parallel in different 
regions and cell types of organ primordia.  
In spite of these limitations, the list of genes controlled by AG will provide a basis for 
the functional analysis of intermediate regulators of early organogenesis, and will provide 
target promoters that are needed to test current models for the molecular basis of how 
homeotic genes act combinatorially.  
SUPPLEMENTARY DATA 
Supplemental Table S1. Genes upregulated 1, 3 and 7 days after AGGR activation.
Supplemental Table S2. Genes downregulated 1, 3 and 7 days after AGGR activation.
Supplemental Table S3. Sequences of oligonucleotides used for RT-PCR and EMSA. 
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ABSTRACT 
Most transcription factors are fulfilling their role in complexes and regulate their 
target genes upon binding to DNA motifs located in promoters or introns. To date, knowledge 
about transcription factor target genes is very limited. Two related methods that allow in vivo
identification of target genes are chromatin immunoprecipitation (ChIP) and chromatin 
affinity purification (ChAP). For ChAP, the protein of interest is tagged with a peptide or 
protein, which can be used for affinity purification of the protein-DNA complex and hence, 
the identification of the target gene. Here, we present the results of initial experiments aiming 
at the development of a generic tagging approach for the MADS domain proteins 
AGAMOUS, SEPALLATA3, and FRUITFULL. 
INTRODUCTION
During the last 15 years, many studies have been performed to understand MADS-box 
gene functioning by mutant and ectopic expression analyses in plants (Theissen et al., 2000; 
Ng and Yanofsky, 2001). A next step is to understand how they act at the molecular level, 
how they bind to DNA motifs and activate down-stream target genes. It has been shown that 
MADS domain proteins are able to bind to the DNA motif CC(A/T)6GG, the so-called CArG-
box (reviewed in Shore and Sharrocks, 1995; Riechmann and Meyerowitz, 1997). This motif 
has also been found in promoter sequences of a small number of genes that have been 
annotated as target genes (e.g. Sablowski and Meyerowitz, 1998; Wang et al., 2002; Ito et al., 
2004; Gómez-Mena et al., 2005). Nevertheless, the exact requirements for this DNA motif to 
bind MADS-box transcription factors in vivo are still unknown. Therefore, methods for the 
identification of target genes are needed. 
A powerful method to identify target genes is chromatin immunoprecipitation (ChIP), 
which allows purification of in vivo formed complexes of a DNA-binding protein and 
associated DNA (reviewed in Orlando, 2000). In short, the method involves the fixation of 
plant tissue and the isolation of the total protein-DNA mixture, followed by an 
immunoprecipitation with an antibody directed against the protein of interest. Next, the DNA 
can be purified, amplified, and finally identified by sequencing. The identification of target 
genes from MADS domain proteins by ChIP has been reported recently (Wang et al., 2002; 
Gómez-Mena et al., 2005; Zhu and Perry, 2005). A drawback of ChIP is that for each protein 
a new specific antibody is needed. To overcome this drawback, a protein tagging approach 
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with a general tag could be followed, which we refer to as chromatin affinity purification 
(ChAP). In this approach, a generic tag is fused to the protein of interest and subsequently 
used to isolate protein-DNA or protein-protein complexes based on affinity (reviewed in 
Hearn, 2001; Terpe, 2003; Lichty et al., 2005).
In this study we focused on three MADS domain proteins, namely AGAMOUS (AG), 
SEPALLATA3 (SEP3), and FRUITFULL (FUL). AG and SEP3 are both floral organ identity 
proteins, and based on the ABC model (Coen and Meyerowitz, 1991), represent C- and E-
type proteins, respectively (reviewed in Ferrario et al., 2004). AG is necessary for the 
formation of stamens and carpels and is expressed in the inner two whorls (Yanofsky et al., 
1990). SEP3 is expressed in the inner three whorls and is essential for the formation of petals, 
stamens and carpels together with SEP1 and SEP2 (Mandel and Yanofsky, 1998; Pelaz et al., 
2000; Honma and Goto, 2001). FUL has a function in floral meristem identity (early function) 
and in fruit development (late function) (Gu et al., 1998; Ferrandiz et al., 2000b; Ferrandiz et 
al., 2000a), and is expressed in the inflorescence meristem, inflorescence stem, cauline leaves, 
and in developing carpel walls (Mandel and Yanofsky, 1995). Here, we report the expression 
of three MADS domain proteins in Arabidopsis fused with different tags and the analysis of 
the phenotypes obtained.
RESULTS
Protein tagging vectors for plant expression 
Four different binary vectors were used for the plant tagging approach (Figure 1). The 
first vector (Figure 1A) contains a double tag, the Strep-tag® II (Skerra and Schmidt, 1999), 
followed by the FLAG-tag (Hopp et al., 1988), located at the C-terminus of the protein of 
interest. These short peptide tags are both very small, each only 8 amino acids long. Two 
other vectors (Figure 1B and 1C) contain the coding region for eGFP (enhanced GREEN 
FLUORESCENT PROTEIN, Clonetech) (Chalfie et al., 1994; Chiu et al., 1996), which is 
either located at the N- or C-terminus of the protein of interest (Karimi et al., 2002). The last 
vector (Figure 1D) contains a triple HA-tag (hemagglutinin derived) (Bensmihen et al., 2004), 
each encoding for a 9 amino acids long peptide. Furthermore, all vectors have a constitutive 
double 35S CaMV promoter (Odell et al., 1985; Kay et al., 1987) to express the fusion 
products of AG, SEP3, and FUL in transgenic Arabidopsis.
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Figure 1. Binary tagging vectors for plant protein expression. (A) C-terminal fusion expression vector with the 
Strep-tag® II and the FLAG-tag. (B) N-terminal fusion expression vector with eGFP. (C) C-terminal fusion 
expression vector with eGFP. (D) N-terminal fusion expression vector with a triple HA-tag. All vectors contain 
the constitutive 35S CaMV promoter with the double enhancer for expression. 
Phenotypic and expression analyses of Arabidopsis lines expressing chimeric MADS-box 
versions
All constructs were transformed to Arabidopsis, ecotype Columbia-0, and the 
transformants obtained were analyzed for overexpression phenotypes. The results are 
summarized in Table 1 and Figure 2. In short, the expected overexpression phenotypes for AG
are homeotic changes of floral organs, resembling an ap2-like flower, curly leaves, and early 
flowering as described by Mizukami and Ma (1992). For ectopic SEP3 expression, curly 
leaves and early flowering are characteristics to be expected (Pelaz et al., 2001), while ectopic 
expression of FUL gives siliques that fail to shatter, because the dehiscence zone is absent 
(Gu et al., 1998; Ferrandiz et al., 2000a).
Overexpression phenotypes were only observed in about 10% of the plants when the eGFP 
protein was fused either N- or C-terminally (Figure 2B, 2C, and 2J). Surprisingly, many 
plants containing an eGFP fusion construct revealed a mutant phenotype (Figure 2E, 2F, 2H, 
2I, and 2J). Plants with either an overexpression phenotype or a mutant phenotype, obtained 
with construct pARC276 and pARC277, were analyzed by northern blot hybridization for the 
expression of the introduced AG or SEP3 transgenes, respectively (Figures 3A and 3B). This 
revealed a perfect linkage between plants with an overexpression phenotype having a high
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Table 1. Summary of tagged MADS domain proteins in Arabidopsis plants with the observed phenotypes.  
Phenotypes (%) Construct Expression cassette Plants (n) 
OE LOF WT 
pARC117 35S:FUL:StrepII-FLAG:tNOS 21 - 57 43 
pARC118 35S:AG:StrepII-FLAG:tNOS 14 - 29 71 
pARC276 35S:AG:GFP:t35S 42 12 88 - 
pARC277 35S:SEP3:GFP:t35S 60 8 - 92 
pARC308 35S:GFP:AG:t35S 54 7 93 - 
pARC309 35S:GFP:SEP3:t35S 46 - 100 - 
pARC310 35S:GFP:FUL:t35S 49 10 90 - 
pARC346 35S:3xHA:AG:tNOS 12 - 50 50 
pARC347 35S:3xHA:SEP3:tNOS 15 - - 100 
pARC348 35S:3xHA:FUL:tNOS 16 - 38 62 
n, number of plants; %, percentage of plants; OE, overexpression; LOF, loss-of-function phenotype; WT, wild-
type. 
ectopic gene expression in leaves, while plants with an ag mutant phenotype (pARC276), 
show no expression. In stead, the latter plants exhibit a smear in the Northern blot, which is 
often observed when a gene is cosuppressed. Remarkably, for plants containing the SEP3
fusion construct (pARC277), no loss-of-function phenotypes were observed, though, the 
Northern blot showed hallmarks of cosuppression, suggesting that partial silencing may have 
occurred. Plants carrying the FUL fusion construct (pARC310) were not molecularly 
analyzed, though, mutant-like plants in a range of severity were observed, which suggest that 
also cosuppression has occurred. Furthermore, a few overexpression and mutant plants with 
the AG, SEP3, and FUL fused to eGFP were microscopically analyzed for fluorescence 
(Figures 2K and 2L) and confirmed the same linkage between expression and phenotype.
Plants transformed with constructs containing either the Strep-tag® II-FLAG-tag or 
the triple HA-tag displayed only a wild-type or mutant phenotype. Transgenic plants with 
construct pARC117, containing the double Strep-tag® II-FLAG-tag, were also analyzed by 
Northern blot for the expression of the FUL fusion product (Figure 3C). Remarkably, in 
contrast to the eGFP fusion constructs, all plants with a loss-of-function phenotype revealed 
ectopic FUL expression, which was lacking in plants with a wild-type phenotype. This 
suggests that this mutant phenotype obtained with the double tag Strep-tag® II-FLAG-tag, is 
most likely caused by a dominant-negative effect.
Chapter 7
170
Figure 2. Phenotypes of transgenic Arabidopsis plants with different tagging constructs and SEP3 promoter 
expression analysis. (A) Wild-type Arabidopsis at the rosette stage, (D) at the inflorescence stage, and (G) a 
close-up of a flower. (B) Line with AG-eGFP fusion construct showing an AG overexpression phenotype 
(pARC276). (C) Line with SEP3-eGFP fusion construct showing a SEP3 overexpression phenotype (pARC277). 
Rosette stage images (A-C) were taken from plants grown under the same conditions and were of the same age 
(bar indicates relative size). (E,H) Line with eGFP-AG fusion construct showing an ag mutant phenotype 
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(pARC308). (F,I) Line with eGFP-SEP3 fusion construct showing a partial sep-like mutant phenotype 
(pARC309). (J) Siliques of lines with GFP-FUL fusion construct with either a FUL overexpression (FUL), ful
mutant (ful) phenotype, or wild-type phenotype (WT) (pARC310). (K) Arabidopsis root tip and (L) open silique 
with an ovule of a line expressing GFP-FUL fusion construct (pARC310) observed by fluorescence microscopy. 
(M-O) GUS expression patterns of SEP3 promoter GUS fusion (pARC213) in different tissues, (M) 
inflorescence, (N) silique, and (O) rosette leaf. dz, dehiscence zone; v, valve; ov, ovule; n, nuclei; ca, carpel wall.  
The plants with the triple HA-tag fusion constructs were analyzed by RT-PCR (data 
not shown). Plants with a mutant phenotype similar to ag (pARC346) or ful (pARC348) 
mutants revealed either no expression, suggesting cosuppression, or expression, suggesting a 
dominant-negative effect, respectively.  
Figure 3. Northern blot analysis of leaf tissue of 
different Arabidopsis lines containing various 
tagging constructs. (A) Expression analysis of 
AG-eGFP (pARC276) lines. (B) Expression 
analysis of SEP3-eGFP (pARC277) lines. (C) 
Expression analysis of FUL-Strep-tag® II-
FLAG-tag (pARC117) lines, ful-like plants are 
indicated with ‘m’ and WT-like plants with ‘n’. 
WT, wild-type; +, line with an overexpression 
phenotype.   
Expression analysis of the SEP3 promoter in Arabidopsis 
The constitutive double 35S CaMV promoter resulted in high expression of the 
transgene in those plants that showed an overexpression phenotype. However, in the case of 
AG and SEP3, the side effect is that extremely small and early flowering plants with only a 
few flowers were produced (Figures 2B and 2C). To overcome this problem, the double 35S 
CaMV promoter was replaced with an endogenous promoter. A 2.6 kb fragment upstream the 
ATG start codon of SEP3 was fused to the E-glucuronidase reporter gene, encoding for GUS 
(Jefferson et al., 1987). GUS staining in transgenic Arabidopsis plants was detected in the 
three inner whorls of the flower (Figure 2M to 2O), where SEP3 is normally expressed 
(Mandel and Yanofsky, 1998). However, GUS signal was also detected in the sepals, 
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pedicels, and even in cauline and rosette leaves (Figure 2M to 2O), suggesting that the 
promoter region of SEP3 is lacking cis-acting regulatory regions for correct expression.
Similar results were observed for the MADS-box genes AG and STK, when only a 
promoter region upstream the first intron or the ATG, respectively, were fused to the GUS 
reporter gene (Sieburth and Meyerowitz, 1997; Kooiker et al., 2005). In the case of AG, it 
appeared that the second intron was essential for the right spatial expression pattern and 
various cis-acting regulatory elements were identified (Sieburth and Meyerowitz, 1997; 
Busch et al., 1999; Deyholos and Sieburth, 2000; Hong et al., 2003), while in the case of STK,
the first intron appeared to be essential (Kooiker et al., 2005). When the SEP3 first intron 
sequence was analyzed in detail different motifs were identified that might act as cis-
regulatory elements, including a perfect CArG-box (data not shown). In summary, the 
reported results with AG and STK and our results with SEP3 indicate that intron regions in 
MADS domain genes are important for correct spatial and temporal expression. 
DISCUSSION 
The use of epitope tags can facilitate the isolation of protein-DNA or protein-protein
complexes. Here, we report a first attempt of a generic tagging approach for the MADS 
domain proteins AG, SEP3, and FUL. Different tags and a combination of tags were used to 
produce fusion products expressed in plants. There are two important criteria before further 
steps can be undertaken to identify target genes by ChAP. The first basic and most important 
aspect is to obtain expression of the fusion protein. Secondly, an expressed fusion protein 
should be biologically active. Both aspects appeared not to be straight forward and depend on 
the tags used.
The expression experiments in plants resulted in mutant phenotypes with all 
constructs, though, in many cases, not the expected overexpression phenotypes. Remarkably, 
the percentage of loss-of-function phenotypes obtained was very high. The loss-of-function 
phenotypes were most likely caused by two phenomena, either by cosuppression in the case 
of the eGFP fusions, or by a dominant-negative effect in the case of the Strep-tag® II-FLAG-
tag fusions. With the triple HA-tag both cases were apparent. These different tags have been 
used in many organisms and with different proteins (e.g. Einhauer and Jungbauer, 2001; Ho et 
al., 2002; Bensmihen et al., 2004; Witte et al., 2004; Lichty et al., 2005), however, not 
reported to cause severe problems related to mRNA expression or activity of a recombinant 
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protein. The high frequency of silencing with the eGFP fusions could be related to the 35S 
promoter, causing high expression of the transgene. Expression of MADS-box cDNAs under 
the control of the 35S promoter without the GFP tag or expression of GFP tags using 
endogenous MADS proteins did not reveal many cosuppression plants, indicating that the 
combination of 35S and GFP tag may induce silencing. The altered biological activity of the 
FUL protein fused to short peptide tags, here referred to as ‘dominant-negative’ mode of 
action, could be caused by trapping interacting proteins and forming non-functional protein 
complexes, by steric hindrance preventing certain interactions, or altered folding of the 
protein. However, the effect caused by these short tags appeared not to be general, because a 
fusion with the double tag to another transcription factor appeared to be functional (Kim 
Boutilier, personal communication). In summary, functionality of a fusion product with an 
epitope tag has to be analyzed case by case. It depends on the tag used and the effect it may 
have on the protein of interest. Our results indicate that the MADS-box proteins tested are 
very sensitive to fusions with small peptide tags and GFP tags at both N- and C-termini.  
A drawback of an overexpression strategy could be the occurrence of unwanted 
pleiotropic effects, e.g. early flowering or a reduced number of flowers. Furthermore, 
overexpression or ectopic expression does not mimic the natural situation. The most elegant 
solution is to express genes under their native promoter in a mutant background, which will 
directly reveal their biological activity and eliminate any competition with the untagged 
endogenous protein. For the isolation of the native promoter, often DNA sequences upstream 
the ATG start codon are cloned, although no general rules are available that can predict the 
promoter region (reviewed in Rombauts et al., 2003). This approach was followed for the 
SEP3 promoter, however, it revealed a lack of specificity compared to previously reported in
situ hybridization experiments (Mandel and Yanofsky, 1998). As described before for the 
MADS-box genes AG and STK, intron sequences appeared to be important for correct 
expression (Sieburth and Meyerowitz, 1997; Kooiker et al., 2005). This seems also be the 
case for SEP3, because fusion of GFP to a 3.5 kb genomic fragment of SEP3 including 
upstream and intron sequences revealed correct expression patterns for SEP3 (S. de Folter, S. 
Urbanus, A.V. Shchennikova, and G.C. Angenent, unpublished results). In conclusion, for the 
expression of chimeric versions of MADS-box genes it is favorable to use the entire genomic 
region in frame to the tag of choice.  
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MATERIALS AND METHODS 
Plant growth 
Arabidopsis thaliana, ecotype Columbia-0 (Col-0) plants were grown under normal 
greenhouse or growth chamber conditions (22°C, long day light regime). 
Construction of binary vectors and plant transformation 
The vector with the C-terminal double tag Strep-tag® II (WSHPQFEK) and the 
FLAG-tag (DYKDDDDK) is called pARC113. The double tag is constructed with two 
forward (PRO123 and PRO 101) and three reverse complementary (PRO124, PRO103, and 
PRO125) primers resulting in, with Arabidopsis codon usage, 5’-
CTCGAGTGGTCTCATCCTCAATTTGAAAAGTCTTCTGATTACAAGGATGATGATG
ATAAGTAACTCGAG-3’ (nucleotides coding for the tags are underlined). Between the two 
tags are two serine amino acid residues functioning as linker and after the FLAG-tag a stop 
codon is introduced. In brief, 1 ul of each primer (100 pmol/ul) together, incubated for 10 min 
at 96°C, followed by slowly cooling down to room temperature to create double stranded 
fragments. The fragments were phosphorylated with 2 ul T4 kinase (10 U/ul) and incubated 
for 30 min at 37°C. Next, the 69 nucleotides double stranded fragments were isolated from a 
12% polyacrylamide gel. Subsequently, the fragment was cloned into an XhoI digested binary 
pGD121 vector, containing a double 35S CaMV promoter (derived from pGD120; (Immink et 
al., 2002). Full length open reading frames for AG (encoding 252 amino acids), SEP3
(encoding 251 amino acids), and FUL (encoding 242 amino acids) were amplified with gene 
specific primers from the start to the stop codon, clones for C-terminal fusions lack the stop 
codon, and were subcloned in pGEM-T® Easy (Promega, Madison, WI) and/or subcloned 
with the Gateway Technology (Invitrogen, Carlsbad, CA). After sequence control, all genes 
were cloned (in pARC113) and/or recombined (in pARC064, pARC258, and pARC259) in 
the appropriate vectors to make the fusion constructs.  
A 2.6 kb SEP3 region upstream of the ATG was amplified with specific primers 
(PRO117, 5’-CACCGGCGCGCCATCCATCCATCCAAATGGGACC-3’ and PRO118, 5’-
GAAGCTTTTTCTTTTTCTTTCTCCTCTCCC-3’) and subcloned with the Gateway
Technology (Invitrogen), followed by recombination in the binary pBGWFS7 vector (Karimi 
et al., 2002), resulting in a transcriptional eGFP-GUS fusion construct (pARC213).
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Arabidopsis plants were transformed with Agrobacterium tumefaciens strain GV3101 
using the floral dip method (Clough and Bent, 1998).
RNA gel blot analysis 
Total RNA was isolated from frozen plant tissue with the RNaesy plant RNA 
extraction kit (Qiagen). Five micrograms of each RNA sample was denaturated by 1.5 M 
glyoxal, separated on a 1.2% agarose gel in 15 mM Na-phosphate buffer pH 6.5, checked for 
equal loading, and followed by blotting onto Hybond-N + membrane (Amersham 
Biosciences, Piscataway, NJ) in 25 mM Na-phosphate buffer pH 6.5. Probes were labeled 
with the RadPrime DNA Labeling System (Invitrogen) and blots were hybridized as described 
by Angenent et al. (1992). Gene specific probes were amplified by PCR with the following 
primers: AG (At4g18960), PRO383 5’-GGGTCAATGTCTCCCAAAGA-3’ and PRO384 5’-
CTAACTGGAGAGCGGTTTGG-3’; SEP3 (At1g24260), PRO105 5’-
GTCTAGAATGGGAAGAGGGAGAGTAG-3’ and PRO106 5’-CGGATCCAATAGAGTT-
GGTGTCATAAGGTAACC-3’. The FUL (At5g60910) fragment was derived from a pGEM-
T® Easy (Promega) clone digested with XbaI-KpnI.
GUS assay
To detect E-glucuronidase (GUS) activity (Jefferson et al., 1987), plant tissue was 
fixed in 90% ice-cold acetone for 1 h at –20°C, followed by three rinses with 0.1 M Na-
phosphate buffer pH 7.0 containing 1 mM potassium ferrocyanide. The three rinse steps in 
total took 1 h and during the first rinse step vacuum was applied for ~15 min. Finally, the 
substrate was added to the samples, containing 50 mM Na-phosphate buffer pH 7.0, 1 mM 
EDTA, 0.1% (v/v) Triton X-100, 1 mM potassium ferrocyanide, and 1 mM X-Gluc (Duchefa, 
Haarlem, The Netherlands), and vacuum was applied for 5 min, followed by overnight 
incubation at 37°C in the dark. Chlorophyll was removed by first 1 h incubation in 96% 
ethanol and then transferred to 70% ethanol. 
Microscopy 
Plant tissue was observed for GFP expression with a Zeiss Axioskop UV-microscope, 
equipped with filter set 13 (excitation BP 470/20, beamsplitter FT 493, emission BP 505-
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530). Images were taken with a Leica DFC320 digital camera and an exposure time of 18 
seconds was used.
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The MADS domain family is one of the largest transcription factor (TF) families in 
Arabidopsis and it has been shown that its members are involved in many different and 
important developmental processes (Ng and Yanofsky, 2001; Garcia Maroto et al., 2003). In 
the past, many forward and reverse genetic screens have been carried out, resulting in a 
number of well-known mutants. However, surprisingly only for ~20% of the MADS genes a 
visible loss-of-function phenotype is known and, moreover, all are member of the type II 
lineage. The type I lineage counts for ~60% of the MADS box genes and not a single mutant 
has been described today. This is an intriguing point, although an obvious explanation is 
missing. In chapter 2, we suggest that redundancy might be the case for type I MADS box 
genes. Redundancy is a phenomenon that is often observed when studying large gene 
families, and in combination with gene-specific knock-out mutagenesis it hinders the 
functional analysis of genes. Silencing approaches, such as RNAi or cosuppression may be an 
alternative to decrease gene expression levels of redundant genes simultaneously. 
Nevertheless, it cannot be excluded that type I members give more subtle mutant phenotypes, 
e.g. only under certain growth conditions or only in a limited number of cells. Future studies 
should provide more clues about the roles of these genes.
To date, all 107 Arabidopsis MADS genes have been cloned (Chapter 2), which 
allows, for instance, transcript profiling (e.g. Chapter 3), gene characterization (e.g. Chapter 
5), and protein interaction analyses (e.g. Chapter 4). Interactions between proteins are 
essential for their functioning and the biological processes they control. The elucidation of 
interaction maps based on yeast studies is a first step towards the understanding of molecular 
networks and provides a framework of proteins that possess the capacity and specificity to 
interact. Recently, we reported the first comprehensive plant protein-protein interactome map 
of nearly all members of the Arabidopsis MADS box transcription factor family (de Folter et 
al., 2005) (Chapter 4). However, networks like this are still static and descriptive, therefore, 
an important aspect to pursue is to use formal tools to better describe the structure of the 
protein interaction networks and also to study their dynamics. Dynamic network models lead 
to formal mechanistic explanations of developmental mechanisms and, hence the way genetic 
interactions translate into phenotypic traits. Therefore, these models are useful tools that allow 
a prediction of the way of regulation and the interactions between genes involved (Espinosa-
Soto et al., 2004). At the moment, these models describe the genetic links only, leaving the 
molecular interactions among the proteins and interactions between transcription factor and 
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DNA unattached. These data should be obtained by future research, which also requires 
substantial improvements in tools and technologies.
A follow up of the matrix-based yeast two-hybrid screen (Chapter 4) is a yeast three-
hybrid screen. This will allow the prediction of higher-order complexes, which are constituted 
by tetramers according to the quartet model (Theissen and Saedler, 2001).   
Yeast-based studies are very informative, though, obtaining in planta protein 
interaction data may tell more about the interplay of proteins in their natural environment. 
Research on in planta behavior of proteins, like the dynamic inter- and intracellular transport 
of proteins (e.g. Wu et al., 2003), the interactions between proteins (e.g. Nougalli Tonaco et 
al., 2006), and the identification of in vivo complexes is challenging, but still in its infancy. 
With respect to higher order complex formation between MADS box transcription factors, the 
quartet model that proposes tetrameric complexes still holds as a general dogma although any 
evidence for the existence of such a complex in vivo is lacking.  
In Chapter 1 the current knowledge about MADS target genes is discussed and 
appears to be rather limited. However, new tools are being developed to allow the 
identification of genes that are controlled by the MADS box transcription factors. Especially 
the ChIP-chip method is very promising for the genome-wide discovery of target genes (Buck 
and Lieb, 2004). This method is based on the combination of chromatin immunoprecipitation 
(ChIP), followed by a hybridization to a promoter microarray or, preferably, a complete tiling 
array of the Arabidopsis genome (Mockler and Ecker, 2005). However, the detection of a 
MADS domain protein binding to a certain DNA sequence by ChIP does not necessarily 
mean that the target gene is transcriptionally regulated by the MADS box factor. Therefore, 
additional expression experiments are needed to analyze the consequence of protein-DNA 
binding. Nevertheless, knowledge about target genes and expression data will eventually 
allow us to unravel the transcriptional networks that form the backbone for the plant body 
plan (Blais and Dynlacht, 2005). 
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SUMMARY
Gene regulation at the level of transcription is crucial for almost all biological 
processes in a cell or organism. Transcription factors are sequence-specific DNA-binding 
proteins that are capable of activating and/or repressing transcription. The genome of 
Arabidopsis thaliana, for instance, consists out of ~6% transcription factors, which can be 
divided into families. One such family is the large MADS domain family and its members 
have been shown to be involved in, e.g. flowering, flower and root development, and fruit 
development. This thesis dealt with the ambitious aim to identify and characterize the 
complete Arabidopsis MADS domain family of transcription factors. Different perspectives 
were taken to obtain a global overview of this important transcription factor family at the 
gene and protein level and it opens new avenues to a more Systems Biology way of 
understanding.
Chapter 1 reviews shortly the history of MADS domain proteins and their binding to 
cis-regulatory elements in the DNA, the so-called CArG-box, present in target genes. The 
present knowledge about plant MADS box target genes is presented and different aspects 
about protein-DNA binding and target gene specificity are discussed, and it appears that 
autoregulation of MADS box genes is a common mechanism to maintain their own 
expression. Furthermore, possibilities about in silico target gene prediction are discussed, 
finishing with some perspectives.  
Chapter 2 describes the molecular and phylogenetic analyses of the complete 
Arabidopsis MADS box transcription factor family. We were able to identify and clone all 
107 Arabidopsis MADS box genes, and based on phylogenetic analysis the family could be 
divided into five groups, MĮ, Mȕ, and MJ, belonging to the type I proteins, and the type II 
lineage into Mį and MIKC. Furthermore, the gene structure, gene expression, genome 
localization, and protein motif organization is presented.
Flower development is a key process for all angiosperms and is essential for sexual 
reproduction. The last phase in flower development is fertilization of the ovules and formation 
of the fruits, which are both biologically and economically of importance. In Chapter 3 the 
expression profiles are presented of over 1100 unique Arabidopsis genes coding for known 
and putative transcription factors during silique development using high-density filter array 
hybridizations. Hierarchical cluster analyses revealed distinct expression profiles for the 
different silique developmental stages. This allowed a functional classification of these 
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expression profiles in groups, namely pistil development, embryogenesis, seed maturation, 
fruit maturation, and fruit development. Furthermore, a focus was made on the MADS box 
family, which contains many members that are functionally well-characterized. The 
expression profiles of these MADS box genes during silique development give additional 
clues on their functions and evolutionary relationship.
In Chapter 4 a first comprehensive interaction map of nearly all the Arabidopsis 
MADS domain proteins is described. A matrix-based yeast two-hybrid screen was performed, 
which revealed a collection of specific heterodimers and a few homodimers. Clustering of 
proteins with similar interaction patterns pinpoints proteins involved in the same 
developmental program and provides valuable information about the participation of 
uncharacterized proteins in these programs. Furthermore, a model is proposed that integrates 
the floral induction and floral organ formation networks based on the interactions between the 
proteins involved. Heterodimers between flower induction and floral organ identity proteins 
were observed, which point to (auto)regulatory mechanisms that prevent the activity of flower 
induction proteins in the flower.
MADS domain transcription factors are essential for proper flower and seed 
development in angiosperms and their role in floral organ identity determination can be 
described by the “ABC-model” of flower development. Recently, close relatives of the B-type 
genes were identified by phylogenetic studies, which are referred to as Bsister (Bs) genes. 
Chapter 5 reports on the isolation and characterization of a MADS box Bs member from 
petunia, designated FBP24. An fbp24 knock-down mutant appeared to closely resemble the 
Arabidopsis Bs mutant abs and a detailed and comparative analysis led to the conclusion that 
both FBP24 and ABS are necessary to determine the identity of the endothelium layer within 
the ovules. Protein interaction studies revealed the formation of higher-order complexes 
between Bs-C-E and Bs-D-E type of MADS domain proteins, suggesting involvement of these 
specific complexes in endothelium identity determination. However, although there are many 
similarities between the two genes and their products and functions, interestingly, FBP24
cannot fulfill its tasks in Arabidopsis. 
In Arabidopsis, the floral homeotic gene AGAMOUS (AG) terminates meristem 
activity and promotes development of stamens and carpels. The identification of target genes 
of the MADS domain protein AGAMOUS (AG) is presented in Chapter 6. Novel target 
genes were validated by in situ hybridization and binding to AG in vitro and in vivo. The 
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results also suggested that AG and the other homeotic proteins with which it interacts 
(SEPALLATA3, APETALA3, and PISTILLATA) are coordinately regulated in a positive-
feedback loop to maintain their own expression.
Chapter 7 covers the first results of MADS domain protein tagging experiments for 
chromatin immunoprecipitation, or so-called chromatin affinity purification (ChAP) that 
allows to isolate in vivo formed protein-DNA complexes and hence, the identification of the 
target genes. The results indicate that MADS domain proteins are very sensitive to fusions 
with small peptide tags and for the expression of chimeric versions of MADS box genes it is 
favorable to use the entire genomic region in frame fused to the tag of choice. 
This thesis finishes with some concluding remarks and future prospects of the MADS 
research, which are given in Chapter 8.
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SAMENVATTING
 Genregulatie op het niveau van transcriptie is cruciaal voor bijna elk biologisch proces 
in een cel of organisme. Transcriptiefactoren zijn sequentie specifieke DNA-bindende 
eiwitten die in staat zijn om transcriptie te activeren en/of te remmen. Het genoom van 
Arabidopsis thaliana bijvoorbeeld, bevat ~6% transcriptiefactoren die onderverdeeld kunnen 
worden in families. Eén zo’n familie is de grote MADS domein familie, waarvan aangetoond 
is dat de leden betrokken zijn bij onder andere bloeiregulatie, bloem- en wortelontwikkeling, 
en vruchtvorming. Het onderzoek dat beschreven is in dit proefschrift handelde met het 
ambitieuze doel de complete MADS domein familie van transcriptiefactoren in Arabidopsis te 
identificeren en vervolgens te karakteriseren. Verschillende aanpakken zijn genomen om een 
globaal overzicht te krijgen van deze belangrijke transcriptiefactorfamilie op het gen- en 
eiwitniveau en dit opent nieuwe wegen naar een meer Systeem Biologie manier van 
benaderen.
Hoofdstuk 1 behandelt kort de geschiedenis van de MADS domein eiwitten en hun 
binding aan cis-regulatie elementen in het DNA, de zogenaamde CArG-boxen, gelegen in 
targetgenen ("doelwitgenen"). De huidige kennis over MADS box targetgenen wordt gegeven 
en verschillende aspecten van eiwit-DNA binding en targetgen specificiteit worden 
behandeld. Het concept van autoregulatie van MADS box genen, een algemeen mechanisme 
om hun eigen expressie in stand te houden, wordt besproken evenals de mogelijkheden van in
silico targetgen voorspelling. 
Hoofdstuk 2 beschrijft de moleculaire en phylogenetische analyses van de complete 
Arabidopsis MADS box transcriptiefactor familie. We waren in staat om alle 107 Arabidopsis 
MADS box genen te identificeren en te kloneren en gebaseerd op phylogenetische analyses 
kon de familie onderverdeeld worden in vijf groepen, MD, ME en MJ, behorende tot de type I 
eiwitten, en de type II klasse in MG en MIKC. Daarnaast is de genstructuur, genexpressie, 
genoompositie en eiwitmotieforganisatie gepresenteerd.  
 Bloemontwikkeling is een hoofdproces in alle angiospermen en is essentieel voor 
sexuele voortplanting. De laatste fase in bloemontwikkeling is de bevruchting van de eicel en 
vorming van de vrucht, wat zowel biologisch als economisch van belang is. In Hoofdstuk 3
zijn de expressieprofielen gepresenteerd van meer dan 1100 unieke Arabidopsis genen die 
coderen voor bekende en vermeende transcriptiefactoren gedurende vruchtontwikkeling met 
behulp van hoge-dichtheid filterarray hybridisaties. Hierarchische groeperingsanalyses 
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("clustering") onthulde verschillende expressieprofielen voor de verschillende 
vruchtontwikkelingsstadia. Hierdoor kon een functionele classificatie gemaakt worden van de 
expressieprofielen in groepen, namelijk stamperontwikkeling, embryogenese, zaadrijping, 
vruchtrijping en vruchtontwikkeling. Daarnaast is er aandacht besteed aan de MADS box 
familie, die veel functionele goed gekarakteriseerde leden bevat. De expressieprofielen van 
deze MADS box genen gedurende vruchtontwikkeling geven extra aanwijzingen over hun 
functioneren en evolutionaire relatie.  
  In Hoofdstuk 4 is de eerste grootschalige interactiekaart van bijna alle Arabidopsis 
MADS domein eiwitten beschreven. Op een matrix gebaseerde wijze is een gist twee hybride 
screen uitgevoerd, wat resulteerde in een collectie van specifieke heterodimeren en een paar 
homodimeren. Groepering van eiwitten met soortgelijke interactiepatronen wijst eiwitten aan 
die bij hetzelfde ontwikkelingsprogramma betrokken zijn en geeft waardevolle informatie 
over de deelname van niet gekarakteriseerde eiwitten in deze programma’s. Daarnaast is er 
een model voorgesteld dat het bloeiinductie en bloemontwikkelingsnetwerk integreert 
gebaseerd op interacties tussen de betrokken eiwitten. Heterodimeren tussen de bloeiinductie 
en bloemorgaanidentiteitseiwitten is waargenomen, wat duidt op feedback regulatie 
mechanismen die voorkomen dat de bloeiinductieeiwitten in de bloem actief zijn.  
 MADS domein transcriptiefactoren zijn essentieel voor bloem- en zaadontwikkeling in 
angiospermen en hun rol in bloemorgaanidentiteitsbepaling kan beschreven worden met het 
"ABC-model" van bloemontwikkeling. Recentelijk zijn er gerelateerde familieleden 
geïdentificeerd van de B-type genen met behulp van phylogenetische studies, die Bsister (Bs)
genen genoemd worden. Hoofdstuk 5 beschrijft de isolatie en karakterisatie van een MADS 
box Bs gen van petunia, het FBP24 gen. Een fbp24 knock-down mutant bleek sterke 
gelijkenis te hebben met de Arabidopsis Bs mutant abs en een gedetailleerde analyze leidde 
tot de conclusie dat zowel FBP24 als ABS nodig zijn voor de bepaling van de identiteit van de 
endotheliumlaag binnenin de eicellen. Eiwitinteractiestudies onthulden de vorming van 
hogere-orde eiwitcomplexen tussen Bs-C-E en Bs-D-E klassen van MADS domein eiwitten, 
waaruit gesuggereerd kon worden dat deze specifieke complexen betrokken zijn bij de 
bepaling van identiteit van de endotheliumcellen. Maar ondanks dat er vele gelijkenissen zijn 
tussen de twee genen en hun produkten en functies, kan interessant genoeg FBP24 haar 
functie niet vervullen in Arabidopsis.
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 In Arabidopsis, het bloem homeotisch gen AGAMOUS (AG) beeindigt meristeem 
activiteit en stimuleert ontwikkeling van meeldraden en stamper. De identificatie van 
targetgenen van het MADS domein eiwit AGAMOUS (AG) is beschreven in Hoofdstuk 6.
Nieuwe targetgenen zijn gevalideerd met in situ hybridisatie en binding aan AG eiwit in vitro
en in vivo. De resultaten suggereren ook dat AG en de andere homeotische eiwitten waar het 
mee interacteert (SEPALLATA3, APETALA3 en PISTILLATA) gecoördineerd gereguleerd 
worden in een positieve-feedback loop ("terugkoppelings loop") om hun eigen expressie te 
handhaven.
Hoofdstuk 7 beschrijft de eerste resultaten van MADS domein eiwit tagging 
("etikettering") experimenten voor chromatine immunoprecipitatie of chromatine 
affiniteitszuivering (ChAP), waarmee in vivo gevormde eiwit-DNA complexen te isoleren 
zijn en vervolgens targetgenen geidentificeerd kunnen worden. De resultaten wijzen erop dat 
MADS domein eiwitten erg gevoelig zijn voor fusies met kleine peptide-tags en voor de 
expressie van deze gemodificeerde versies van MADS box genen het gunstig is om de gehele 
genomische regio in frame te fuseren met de tag naar keuze.  
Dit proefschrift eindigt in Hoofdstuk 8 met enkele concluderende opmerkingen en 
vooruitzichten van het MADS onderzoek.  
192
Dankwoord
193
DANKWOORD
En dan blijft er ineens nog maar één ding over, het dankwoord schrijven! Ik sta er nog 
versteld van dat ik een heel boekje vol heb kunnen schrijven. Wie had dat gedacht, ik in ieder 
geval niet, ik vond het vroeger maar niets om verder te studeren, maar in de loop van de tijd 
ben ik van gedachten veranderd en daar ben ik nu erg blij om!  
Voor het volbrengen van al dit werk zijn er heel wat mensen bij betrokken geweest en 
zonder hen had ik dit allemaal niet kunnen doen. Mijn dank hiervoor is erg groot!! Het 
onderzoek doen begon allemaal tijdens mijn stage en afstudeerfase op het CPRO (hedendaags 
Plant Research International, ofwel PRI) te Wageningen. Tijdens deze periode heb ik echt 
ontzettend veel geleerd en gedaan wat de basis was voor mijn verdere werk. Hiervoor moet ik 
Dr. Mark Aarts bedanken! Mark, bedankt voor alles wat je mij geleerd hebt, ook al was dat 
soms niet altijd op een even tactische manier, het heeft mij zeker gevormd in het doen van 
onderzoek en het kweken van doorzettingsvermogen. Arabidopsis rules! De tweede persoon 
die heel veel invloed had (en heeft) is Prof. Dr. Gerco Angenent, mijn projectleider, mijn 
clusterleider en mijn promotor! Gerco, mijn waardering is erg groot voor alles wat ik van je 
geleerd heb, zowel in wetenschappelijk onderzoek doen, schrijven van artikelen en 
presenteren van resultaten. Bedankt voor al het vertrouwen dat je altijd in mij had en alle 
vrijheid die je gaf. Verder uiteraard bedankt voor de kans die ik kreeg om op een groot EU-
project te kunnen werken en dat ik de resultaten voor een promotieonderzoek kon gebruiken. 
Daarnaast zijn er uiteraard alle mensen van Gerco’s lab in PRI die veel bijgedragen hebben 
aan dit werk. Allereerst mijn speciale dank aan Jacqueline Busscher, John Franken en Richard 
Immink. Jullie werk en hulp was van essentieel belang voor het slagen van dit proefschrift!! 
Bedankt en ook gefeliciteerd! Daarnaast bedankt voor alle hulp, adviezen en vriendschap in 
en om het werk, Marco Busscher, Jeroen Peters, Stefano Ciannamea, Isabella Nougalli 
Tonaco (or now Ciannamea?), Ruud de Maagd, Susan Urbanus, Silvia Ferrario (& Marcel) 
(Welcome back!), Kerstin Kauffman, en uiteraard ook de mensen van de ¨oude embryogenese 
cluster¨ waarmee we nu samen een groep vormen, Martijn Fiers, Ronny Joosen, Kim 
Boutilier, Michiel Lammers, Jan Kodde, Wilco Ligterink, Guodong Wang, Tjitske Riksen en 
Jan Custers. Furthermore, I also would like to thank all the people that were in the lab, Anna 
Shchennikova, Olga Shulga, Antonio Chalfun Junior (& Cristiane) (We still have to do once 
the BBQ with the half cow!), Jurriaan Mes, Chung-Ming Liu, Lonneke van der Geest, Shi-
peng Li, Faye Rosin, Ence Darmo Jaya Supena, Diana Rigola, Gaby Tichtinsky, Maarten 
Dankwoord
194
Kooiker, Peter Goossens, Esther van Tiel, Maurice Konings, Yaxin Ge, and Tineke Creemers. 
Verder niet te vergeten de drie studenten die met mij gewerkt hebben, Jacky van Oeveren, 
William Quadvlieg en Lisette van Zuijlen, bedankt! Ook Jannie Kramp bedankt voor al je 
hulp bij wat voor klusjes dan ook, Mark Fiers voor het zoeken naar ‘boxjes’ en alle overige 
mensen van de BU Bioscience.  
 During the years at PRI I met many people from many different countries. Many of 
them became good friends (I even married one!) and we had during the years a lot of nice 
social events (besides talking about work). I am sure that I will forget to mention some people 
(please, no hard feelings), but many thanks for all the friendship and good times we had, 
Asaph (when will be the next humus dinner?), Raffa (you were a perfect fish keeper, thanks!),
Nikolay & Rumyana (Rumyana, also thanks for helping me with the MALDI-TOF), Tetty, 
Salva, Radka, Rudy, Shital, Vagner (how is Brasil?), Xing-yin, Pavlina & Sergei, Rudy, 
Andy, Mazen, Ela, Elena & Arnoud, Gyuri, Cinzia, Cristina, and Simona.  
 Furthermore, I would like to thank some people with whom I had many contacts and 
collaborations during the years. First thanks to all the MADS people, Lucie PaĜenicová,
Martin Kieffer, Alessia Losa, Lucia Colombo, Martin Kater, Brendan Davies, Robert 
Sablowski, and Gerardo Acosta-Garcia. Hopefully there will be many more fruitful 
collaborations in the future. Also many thanks to all the people from the EU-REGIA project 
and specially to Bernd Weisshaar (thanks for setting up the database).
 Besides friends related with work, I would also like to thank all the Mexican and semi-
mexican friends for all the good times we had, Eira & Ivo, Maricarmen & Theo, Rodrigo & 
Bibiana, Pablo & Maaike, Arturo & Iemke, Irineo & Nora, Euridice & Tijl, and Beatriz & 
Jordi. ¡Muchas gracias por todas las fiestas!  
 Als laatste, dat het zover heeft kunnen komen, heb ik ook te danken aan het thuisfront. 
Hiervoor moet ik eerst al mijn ouders bedanken, Pieternel & Karel en Leo & Marianne. Jullie 
hebben mij altijd gesteund in alles wat ik wilde doen en gedaan heb, bedankt! Mijn broer, 
Joost, bedankt voor je interesse in mijn werk en succes met je nieuwe plannen. My parents in 
law, mis suegros, Eva & Rodolfo, muchas gracias por su interes y su apoyo en todo. Además, 
Atl y Schell, mi compadre y comadre, gracias por todo. En de grootste steun gedurende mijn 
promotie was natuurlijk Nayelli. Naye, jij begreep als geen ander wat het was om onderzoek 
te doen en wat daarbij komt kijken, de blijdschap, de teleurstellingen, de stress, in een dip 
zitten, het geven van presentaties, het schrijven van artikelen, tot ’s avonds laat werken, in het 
Dankwoord
195
weekeinde werken, thuis van het werk komen en maar over één ding kunnen 
praten......gelukkig kon je dit alles begrijpen en heb jij altijd dubbel en dwars achter mij 
gestaan, ook al had je zelf soms ook moeilijke tijden in dit koude kikkerlandje. Ik kan met 
woorden alleen maar zeggen ontzettend bedankt hiervoor!!! En dan echt als laatste, Olin 
bedankt dat je met ons op de wereld bent en later kun je in dit boekje lezen waarom je papa 
soms zo druk was.  
196
Curriculum vitae 
197
CURRICULUM VITAE  
Stefan de Folter is geboren op 20 september 1976 te Waalwijk, Nederland. In Waalwijk heeft 
hij zijn lagere school gedaan, waar hij al de bioloog van de klas werd genoemd. Daarna 
verhuisde hij met zijn familie naar Drunen waar hij de MAVO en vervolgens de HAVO 
volbracht. Met de altijd blijvende interesse voor de biologie en planten ging hij in 1994 naar 
Hogeschool Larenstein te Velp, waar hij Laboratoriumtechniek studeerde en zijn diploma 
behaalde met als afstudeerrichting Plantenbiotechnologie in 1998. Na het afronden van zijn 
afstudeerverslag over geprogrammeerde celdood in Arabidopsis, onder begeleiding van Dr. 
Mark Aarts, in het voormalige CPRO te Wageningen, ging hij gelijk verder met onderzoek 
doen in het hedendaags hetende Plant Research International (PRI) en kwam al vlug te 
werken met MADS box genen, onder begeleiding van Prof. Dr. Gerco Angenent. Na 
verschillende korte projecten kwam hij te werken op het EU-REGIA project wat als doel had 
om alle transcriptiefactoren in Arabidopsis functioneel te karakteriseren. Met dit langlopende 
project had hij de kans om in 2001 een promotieonderzoek te starten naar MADS box genen 
in Arabidopsis onder begeleiding van Prof. Dr. Gerco Angenent. Na het volbrengen van het 
schrijven van het proefschrift eind 2005 is hij de eerste twee maanden van 2006 op sabbatical 
geweest naar Mexico-stad, voor het nader bestuderen van eiwitnetwerken in de groep van Dr. 
Elena Alvarez-Buylla aan de UNAM. Na terugkomst heeft hij zijn werk voortgezet en zal na 
zijn promotie verder gaan met onderzoek doen in de groep van Prof. Dr. Gerco Angenent. 
Contact email: stefan.defolter@gmail.com 
Publications
198
PUBLICATIONS 
de Folter, S., Shchennikova, A.V., Franken, J., Busscher, M., Baskar, R., Grossniklaus, U., 
Angenent, G.C., and Immink, R.G.H. Two closely related MADS box genes in petunia 
and in Arabidopsis involved in ovule and seed development. Submitted for 
publication.
Marsch-Martinez, N.*, Greco, R.*, Becker, J.D., Dixit, S., Bergervoet, J.H.W., Karaba, A., de
Folter, S., and Pereira, A. BOLITA, an Arabidopsis AP2/ERF-like transcription factor 
that affects cell expansion and proliferation/differentiation pathways. Submitted for 
publication.
*These authors contributed equally to this work 
de Folter, S. and Angenent, G.C. (2006) Trans meets cis in MADS science. Trends in Plant 
Science, in press. 
Syed Alwee, S., van der Linden, C.G., van der Schoot, J., de Folter, S., Angenent, G.C., 
Cheah, S-C., Smulders, M.J.M. (2006) Molecular characterization of flower 
development in oil palm in relation to the mantling abnormality. Plant Cell, Tissue 
and Organ culture, in press. 
Ciannamea, S., Busscher-Lange, J., de Folter, S., Angenent, G.C., and Immink, R.G.H. 
(2006) Characterization of the vernalization response in Lolium perenne by a cDNA 
microarray approach. Plant and Cell Physiology, in press.
de Folter, S., Immink, R.G.H., Kieffer, M., PaĜenicová, L. Henz, S.R., Weigel, D., Busscher, 
M., Kooiker, M., Colombo, L., Kater, M.M., Davies, B., and Angenent, G.C. (2005) 
Comprehensive interaction map of the Arabidopsis MADS box transcription factors. 
Plant Cell, 17, 1424-1433. 
Publications
199
Gómez-Mena, C., de Folter, S., Costa, M.M.R., Angenent, G.C., and Sablowski, R. (2005) 
Transcriptional program controlled by the floral homeotic gene AGAMOUS during 
early organogenesis. Development, 132, 429-438.
de Folter, S., Busscher, J., Colombo, L., Losa, A., and Angenent, G.C. (2004) Transcript 
profiling of transcription factor genes during silique development in Arabidopsis. 
Plant Molecular Biology, 56, 351-366.
PaĜenicová, L.*, de Folter, S.*, Kieffer, M.*, Horner, D.S., Favalli, C., Busscher, J., Cook, 
H.E., Ingram, R.M., Kater, M.M., Davies, B., Angenent, G.C., and Colombo, L. 
(2003) Molecular and phylogenetic analyses of the complete MADS-box transcription 
factor family in Arabidopsis: New openings to the MADS world. Plant Cell, 15, 1538-
1551.
*These authors contributed equally to this work 
Assunção, A.G.L., Da Costa Martins, P., de Folter, S., Vooijs, R., Schat, H., and Aarts, 
M.G.M. (2001) Elevated expression of metal transporter genes in three accessions of 
the metal hyperaccumulator Thlaspi caerulescens. Plant, Cell and Environment, 24, 
217-226.
200
201
Appendix
Arabidopsis MADS domain protein names 
Color figures 

Appendix
I
Table with all Arabidopsis MADS domain proteins and locus / accession numbers. 
Protein Name: Genomic Locus: Accession: Phylogenetic Group: 
PISTILLATA; PI At5g20240 D30807 MIKC 
APETALA3; AP3 At3g54340 M86357 MIKC 
AGAMOUS; AG At4g18960 X53579 MIKC 
AGL1; SHP1 At3g58780 M55550 MIKC 
AGL2; SEP1 At5g15800 M55551 MIKC 
AGL3; SEP4 At2g03710 U81369 MIKC 
AGL4; SEP2 At3g02310 M55552 MIKC 
AGL5; SHP2 At2g42830 M55553 MIKC 
AGL6 At2g45650 M55554 MIKC 
AGL7; AP1 At1g69120 Z16421 MIKC 
AGL8; FUL At5g60910 U33473 MIKC 
AGL9; SEP3 At1g24260 AF015552 MIKC 
AGL10; CAL At1g26310 L36925 MIKC 
AGL11; STK At4g09960 U20182 MIKC 
AGL12 At1g71692 U20193 MIKC 
AGL13 At3g61120 U20183 MIKC 
AGL14 At4g11880 U20184 MIKC 
AGL15 At5g13790 U20185 MIKC 
AGL16 At3g57230 NM_115583 MIKC 
AGL17 At2g22630 NM_127828 MIKC 
AGL18 At3g57390 AF312663 MIKC 
AGL19 At4g22950 AF312664 MIKC 
AGL20; SOC1 At2g45660 AY007726 MIKC 
AGL21 At4g37940 AF336979 MIKC 
AGL22; SVP At2g22540 AF211171 MIKC 
AGL23 At1g65360 AY141230 M alpha 
AGL24 At4g24540 AF005158 MIKC 
AGL25; FLC; FLF At5g10140 AF537203 MIKC 
AGL26 At5g26870 NM_122569 M beta 
AGL27; MAF1; FLM At1g77080 AF342808 MIKC 
AGL28 At1g01530 AY141231 M alpha 
AGL29 At2g34440 NM_128996 M alpha 
AGL30 At2g03060 AY141232 M delta 
AGL31; MAF2 At5g65050 AF312667 MIKC 
AGL32; ABS; TT16 At5g23260 AJ318098 MIKC 
AGL33 At2g26320 AY141233 none 
AGL34 At5g26580 AY141248 M gamma 
AGL35 At5g26630 AY141246 M gamma 
AGL36 At5g26650 AY141247 M gamma 
AGL37; PHE1 At1g65330 NM_105207 M gamma 
AGL38 At1g65300 AY141245 M gamma 
AGL39 At5g27130 NM_122595 M alpha 
AGL40 At4g36590 AY141234 M alpha 
AGL41 At2g26880 AY141253 M gamma 
AGL42 At5g62165 AY141213 MIKC 
AGL43 At5g40220 AY141223 M beta 
AGL44; ANR1 At2g14210 Z97057 MIKC 
AGL45 At3g05860 AY141251 M gamma 
AGL46 At2g28700 NM_128431 M gamma 
AGL47 At5g55690 AY141214 M beta 
AGL48 At2g40210 NM_129579 M gamma 
AGL49 At1g60040 NM_104696 M beta 
AGL50 At1g59810 NM_104674 M beta 
AGL51 At4g02235 AY141215 M beta 
AGL52 At4g11250 AY141216 M beta 
AGL53 At5g27070 AY141217 M beta 
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AGL54 At5g27090 AY141218 M beta 
AGL55 At1g60920 NM_104772 M alpha 
AGL56 At1g60880 NM_104769 M alpha 
AGL57 At3g04100 NM_111281 M alpha 
AGL58 At1g28450 NM_102613 M alpha 
AGL59 At1g28460 NM_102614 M alpha 
AGL60 At1g72350 AY141235 M alpha 
AGL61 At2g24840 NM_128043 M alpha 
AGL62 At5g60440 AY141236 M alpha 
AGL63 At1g31140 AY141243 MIKC 
AGL64 At1g29960 AY141244 M alpha 
AGL65 At1g18750 AY143172 M delta 
AGL66 At1g77980 AY141242 M delta 
AGL67 At1g77950 NM_106444 M delta 
AGL68; MAF5 At5g65080 AY231455 MIKC 
AGL69; MAF4 At5g65070 AY231450 MIKC 
AGL70; MAF3 At5g65060 AY231445 MIKC 
AGL71 At5g51870 AY141220 MIKC 
AGL72 At5g51860 AY141221 MIKC 
AGL73 At5g38620 AY141237 M alpha 
AGL74 At1g48150 AY141254 M alpha 
AGL75 At5g41200 NM_123485 M beta 
AGL76 At5g40120 AY141222 M beta 
AGL77 At5g38740 NM_123235 M beta 
AGL78 At5g65330 AY141224 M beta 
AGL79 At3g30260 AY141238 MIKC 
AGL80 At5g48670 NM_124244 M gamma 
AGL81 At5g39750 AY141225 M beta 
AGL82 At5g58890 NM_125279 M beta 
AGL83 At5g49490 NM_124326 M alpha 
AGL84 At5g49420 AY141239 M alpha 
AGL85 At1g54760 NM_104351 M alpha 
AGL86 At1g31630 NM_102898 M gamma 
AGL87 At1g22590 AY141250 M gamma 
AGL88 At2g11990 AY233210 M alpha 
AGL89 At5g27580 AY141226 M beta 
AGL90 At5g27960 AY141249 M gamma 
AGL91 At3g66656 NM_111544 M alpha 
AGL92 At1g31640 NM_102899 M gamma 
AGL93 At5g26950 AY141228 M beta 
AGL94 At1g69540 NM_105623 M delta 
AGL95 At2g15660 NM_127127 M gamma 
AGL96 At5g06500 NM_120733 M gamma 
AGL97 At1g46408 NM_103604 M alpha 
AGL98 At5g39810 NM_123344 M beta 
AGL99 At5g04640 NM_120546 M alpha 
AGL100 At1g17310 AY141240 M alpha 
AGL101 At5g27050 NM_122587 M beta 
AGL102 At1g47760 AY141241 M alpha 
AGL103 At3g18650 NM_112751 M beta 
AGL104 At1g22130 NM_102063 M delta 
AGL105 At5g37420 AY141227 M beta 
Latest information will be available via TAIR: http://www.arabidopsis.org/info/genefamily/MADSlike.html 
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